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Genetic differences in photosynthesis, respiration, and

dry matter accumulation between Douglas-fir seedlings from the

vicinities of Missoula, Montana and Corvallis, Oregon were

analyzed at the cotyledon stage (15 to 18 days from planting), 55,

and 100 days from planting. Seedlings were raised in two con-

trolled environment chambers, one maintained at 360 day/2l°C night

temperature, the other at 18°/4°C to test interaction between

growth temperature and race. Carbon dioxide exchange rates were
0 0 0measured at 20 , 27.5 , and 35 C.

Racial differences in both photosynthesis and respiration

were slight and tended to disappear with age. Net photosynthetic

rates at 55 and 100 days were about 35 to 40% of cotyledon stage

rates. Respiratory rates dropped about 50% between the cotyledon

stage and 55 days, and a proportional amount between the 55 and

100 day measurements. The temperature optimum for net
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photosynthesis increased with age, and appeared slightly higher

at all ages for Missoula seedlings.

Growth temperature had a strong and opposite effect on

photosynthesis and respiration. Photosynthetic rates of 36°/2i°C

pretreated plants averaged about 65% faster than i8°/4°C plants;

in respiration the latter were faster by about 100%. Growth

temperature effect was similar on both races except at 100 days

when photosynthetic rates of Missoula plants from the warm chamber

were significantly lower than rates of Corvallis plants.

A small group of plants were raised 45 days in one set of

growth temperatures, then transferred to the other. Photosynthetic

and respiratory rates were measured 10 days later. No matter

which direction the plants were moved they behaved very much as

If they had spent the entire 55 days in the latter environment. That

is, effect of pretreatment on rates of photosynthesis and respiration

was quite transitory.

Photosynthetic rates of progenies from three trees of the

Missoula source were tested over the same range of conditions

described above. They also showed significant early racial differ-

ences which disappeared with age. Differences between progenies

were as great as those between races except at 100 days of age.

Two additional sources, one from Alder, Montana and one

from Vancouver Island, British Columbia were compared with the

two original races at 55 days. All races performed similarly in

photosynthesis, however coastal seedlings respired slightly, but

significantly, faster than inland seedlings.



In dry weight accumulation Missoula and Corvallis plants

developed equally in the 18°/4°C environment, seedlings averaging

about 185 milligrams by 100 days. In the 36°/2l°C environment,

however, Corvallis seedlings were somewhat larger than Missoula

seedlings, 125 versus 95 milligrams approximately.

Surprisingly, the growth temperature which produced seed-

lings with the highest unit net photosynthetic rates yielded the

smallest seedlings. Starch, sugar, nitrogen, and chlorophyll

contents were determined on 55-day-old plants, but differences in

concentrations of these constituents did not seem to explain the

relatively small size of hot chamber plants. A more plausible

cause turned out to be the distribution of dry weight. Plants raised

at 36°/21°C tended to develop relatively less new photosynthetic

tissue than cold chamber plants and consequently, even though

photosynthetic rates were high, they fell behind in growth. These

results strongly caution against using net photosynthetic differences

to predict growth differences without more information concerning

the plant's use of the assimilate.

In this and other recent studies of Douglas-fir seedlings,

photosynthetic and respiratory rates of five Western Oregon and

Washington and five Western Montana and Northeastern Washington

sources have been compared in various combinations. Results of

the comparisons provide evidence for genetic diversity in the two

processes, but diversity which has so far proven to be rather

slight.
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PHOTOSYNTHESIS, RESPIRATION, AND DRY MATTER
ACCUMULATION OF DOUGLAS-FIR SEEDLINGS FROM

DIFFERENT GEOGRAPHIC SOURCES AND GROWN
AT DIFFERENT TEMPERATURES

INTRODUCTION

Problem area

Two cardinal facts stand out about the diversity of living

organisms according to Stebbins (95,p. 1). "First, by and large, no

two individuals are exactly alike. Second, organisms can be group-

ed into 'kinds'. . . (which) can be recognized because groups of

individuals resemble each other more than they do other groups."

The statement is applicable to diversity within a species as

well as to diversity among species. Commonly, within a species

some individuals occur together and form what may be termed a

breeding population. The members of this population exchange

genetic material and possess recent parental bonds. Other indi-

viduals of the same species often appear in separate territories

and lack the recent common parentage. In the latter case the

individuals also occur in different environments and, as a result,

have responded to the environmental differences with genotypic

differences (20, p. 135; 98, p. 347). Groups of individuals which

in this way form distinct geographic populations of a species are

termed geographic races, subspecies, local varieties, or simply

races (20, p. 135).

If different groups with histories of existing in different

environments have responded with genetic differences, then



representatives of these groups, when grown in a common environ-

rtient, should respond differently. Considerable experimental

work has been devoted to testing this theory and proving its sound-

ness. Such investigations have also pointed to certain aspects of

racial variation which are not straightforward as a rule, but which

can be particularly important from an experimental point of view.

First, races show more variation with respect to some characters

than to others (95, p. 31). Second, some environments are more

capable than others of bringing out differences between races (16,

p. 190; 93, Tables 7 and 8, p. 16). Third, some races are more

affected by a range of environments than others (58, p. 376; 65,

Table 1, p. 12). The "exceptions'T, even though they do not

invalidate the existence of local genetically adapted races, can,

under certain conditions, make differences between groups less

distinct.

Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco, grows

over an enormous geographic range and can therefore be expected

to include very diverse races. Variation among these populations

has been shown for the characteristics of data of bud bursting (86),

of time of cessation of height growth in seedlings (44) and for

growth responses to photoperiod and temperature (43). One

extreme example of adaptive differences for the species can be

seen at the Wind River Arboretum in Southwestern Washington.

There, Douglas-fir from the Rocky Mountains which were planted

50 years ago are now mostly dead, while around the Arboretum

the local race grows vigorously (87, p. 28).
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Objectives of study

The purpose of the present investigation was to inquire into

the temperature responses of the physiological processes of photo-

synthesis (carbon dioxide assimilation) and respiration (carbon

dioxide evolution) and of growth (dry matter increment) of Douglas-

fir seedlings of two widely separated geographic races. it is of

particular importance to determine if the physiological processes

can be used to anticipate growth responses, which would be measur-

able only later in a cumulative process such as dry matter increment.

Plants were grown from seeds under controlled conditions to

minimize non-genetic differences. They were grown under two

different temperature environments, one quite severe, to investi-

gate the interaction between this facet of the environment and the

racial response. Certain physiological processes were measured

at three different ages to test the effect of early seedling age on

the expression of racial differences. Finally, to determine the

permanence (or reversibility) of any environmental modification of

carbon dioxide exchange rate, a few seedlings were transferred

from one temperature regime to the other. Then, after a few days,

their photosynthetic and respiratory rates were measured.

3



METHODOLOGY

Choice of races

The majority of the experiments were run on two races,

one coastal and one Rocky Mountain. Seeds to represent the coastal

race were collected at 700 feet elevation on the McDonald Forest of

Oregon State University located about ten miles north of Corvallis,

Oregon. About ten individual mother trees were represented in a

bulked collection. Seeds for the Rocky Mountain race were collect-

ed by the author at about 4300 feet elevation in the foothills of the

Garnet Mountains 30 miles east of Mis soula, Montana. Fairly

large collections were taken from three different trees and seeds

from each tree were handled separately. Also a bulked collection

was made from several other trees.

A. few measurements were made on plants grown from seed

of two additional races: one from 500 feet elevation on Vancouver

Island, and the other from about 6000 feet in the Gravelley

Mountains Z0 miles southeast of Alder, Montana. The former

collection was commercial; the latter was made by the author,

again from three individuals.

Treatment of cones and seeds

Corvallis cones were collected when mature, air dried

immediately after collection, and the seed extracted and cleaned.

Missoula cones were collected when they were mostly green al-

though a few were beginning to show signs of browning. After
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collection these cones were stored in damp peat moss at ambient

temperature for about two weeks on their way back to Corvallis,

where they were air dried and the seeds extracted and cleaned.

Southwest Montana cones were handled the same way as Missoula

cones. Cleaned Vancouver Island seeds were obtained from a seed

dealer; their treatment prior to purchase is unknown.

All seed, subsequent to purchase or cleaning, was stored in

a freezer at 0°F. From time to time, quantities of seed for use in

experiments were taken from the freezer and stored at 40°F in a

refrigerator for periods up to two months.

Prior to germination, seeds were soaked in water at room

temperature for 24 hours, then stratified at 40°F for a minimum of

two weeks. Germination was on filter paper in a petri dish under

the following conditions: 18°C day/4°C night temperature, about

1000 foot-candles of mixed incandescent and fluorescent light, and

a 16 hour photoperiod. Germination of all collections was ex-

cellent. Seeds were planted when the radicle was about 3/4 inch

long.

Treatment of seedlings

To provide plants for photosynthetic and respiratory deter-

minations, germinated seeds were planted in approximately 500

cubic centimeter plastic containers filled to the top with vermicu-

lite. Germinants representing the three individual trees at

lVlissoula, Montana, were kept separate according to mother tree.

Five seedlings were planted per pot.
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Seedlings grown for determination of dry matter increment

were planted, seven to the pot in slightly larger containers. Because

of a shortage of seeds from the Missoula 'individual trees", seed-

lings for the growth study came from seeds of the bulked Missoula

collection.

The two controlled environment chambers were kept under

different temperature regimes: one at 36°C day/Zl°C night temper-

ature, the other at 18° day/4° night temperature. The day

temperature was held for ten hours, the night temperature for

eight hours, and there were three hour transition periods in either

direction.

Plants in both chambers were watered daily until seed coats

were shed. Thereafter, plants in both chambers were watered

heavily once a week, and a nutrient solution (Table 18) was applied

to the plants in a hot chamber (36°/21°C) three times per week

and to plants in the cold chamber (18°/4°C) two times per week.

In the growth chambers the photoperiod was 16 hours and

minimum relative humidity in the hot chamber was 70% and in the

cold chamber was 90%. The light intensity was about 1000 foot-

candles supplied by three banks of lights: one of cool white

fluorescents, one of deluxe warm white fluore scents and one of

incandescents.
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Treatment of seedlings immediately prior to,
during, and after CO2 measurements

Carbon dioxide exchange rates were determined on the

Corvallis and 1VEissoula seedlings at three different ages: the

cotyledon stage (the first needles just beginning to emerge), 55

days after planting, and 100 days after planting. The cotyledon

stage occurred, on the average, 15 days after planting in the hot

growth chamber and 18 days after planting in the colder chamber.

Carbon dioxide exchange rates were measured at 20°C, 27. 5°C,

and 35°C at all ages, and in addition at 12. 5°C and 42. 5°C on the

55-day-old plants.

On the day that the photosynthetic rate of any plant was to

be measured, it was watered in the morning prior to the day's

determinations. Rate determinations were usually made on pairs

of seedlings and the procedure, preparatory to measurement, was

as follows. Two seedlings of the original five were selected

primarily on the basis of absence of mutual shading and absence

of damaged tissue. While still in the plastic pot, the tops of the

two seedlings were secured in a cylindrical cuvette with an air

tight seal of modeling clay fixed around the hypocotyls of the plants

and the base of the cuvette. Next, the seedlings were allowed to

equilibrate in the cuvette for 20 minutes under the light intensity

(in the case of photosynthesis), air flow, and temperature sub-

sequently used in the rate determination.

When photosynthetic rate was being measured, two con-

secutive runs of 30 minutes maximum duration each were made on
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the same pair of seedlings to assure that there was no change in

the rate of CO2 uptake with time. The two runs were averaged for

the photosynthetic rate figure. There was an exception to this if

photosynthesis was to be determined at 42. 5°C. After approxi-

mately 45 minutes at this temperature the rate began a prolonged

decrease. Therefore, only one photosynthetic measurement could

be made before the depression set in.

Because respiratory determinations took considerably long-

er except at the highest temperatures, the two halves of a single

measurement were compared to decide if the equilibration time

had been long enough. The respiratory rate figure was based on

the entire measurement period.

After the measurement was completed the seedlings were

removed from the cuvette, severed at the base of the crown, and

put into an oven at 100°C to dry. Then the needles were stripped

from the stem and weighed.

Expression of carbon dioxide exchange

The initial readings were in parts per million of CO2

evolved or assimilated per milligram dry needle weight per

minute. These were converted to the more convenient units of

parts per million co2/ioo milligrams dry needle weight/minute

for the statistical analysis. Final averages are reported in the

more common figures of milligrams of CO2 exchanged/gram dry

needle tissue/hour.

8



Mechanics of photosynthetic and respiratory
measurement

To measure CO2 assimilation the seedlings were housed in

series with an air pump, CaC12 and Mg(C104)2 drying columns,

CO2 detector with recorder, temperature regulating system,

humidifier, temperature monitor and relative humidity monitor.

The details may be found in Figure 21 . Components were arranged

in a closed system. That is, once a measurement was started there

was no exchange of air with ambient atmosphere until after the run

was completed and the system opened up. During the measurement

period air within the system passed repeatedly over the seedling

and the CO2 detector continuously monitored the CO2 concentration

of that air in parts per million by volume.

Volume of the system used in the photosynthetic determina-

tions was 2. 95 liters, flow rate was 1600 milliliters of air per

minute, and illumination was 5000 foot-candles as measured with

a Weston Illumination Meter, model 756,which was equivalent to

about 1 calorie per square centimeter per minute as measured

with a Thornthwaite model REDC net radiometer.

Usually the time for decrease in CO2 concentration from

370 to 330 parts per million was measured. On the youngest

seedlings and at highest temperatures, when photosynthesis pro-

ceeded slowly, the run started at 370 parts per million, but the

span covered was narrower. The time in the cuvette was approxi-

mately the same for seedlings of all treatments, except those

measured at 42. 5°C.
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Respiration was measured in a similar apparatus, but with

certain size alterations. Because under most conditions CO2 ex-

change in respiration was slower than in photosynthesis, the

system was made smaller (1.63 liters) by using a smaller cuvette

and by taking out the CaC12 drying tube. Because the system was

smaller a lesser flow rate of 900 milliliters of air per minute was

used. The time required to increase CO concentration from 340

to 350 or 360 parts per million (depending on seedling size and

temperature) was determined.

Measurement of dry matter increment

To see if any correlation existed between the rate of CO2

exchange in the cuvette and the average size of the plants of a race,

or the average rate of growth of plants of a race in the controlled

environment chambers, the dry matter of the plants was determined.

One hundred and twenty-six seedlings of each race were

raised under each temperature regime. At 18 days, 55 days, and

100 days of age, approximately 40 plants of each of the races

were removed and weighed. Tops and roots were weighed fresh

and, after 24 hours drying at 100°C, were weighed again. Top:

root ratios, needle:non-needle ratios, and percent dry matter were

then calculated.

Additional measurements

Three other plant characteristics which, under certain

conditions, modify photosynthetic and/or respiratory behavior or



are useful as alternative bases for expressing rates are chlorophyll

content, nitrogen content, and carbohydrate content. Fifty-five to

65-day-old plants were analyzed for these constituents.

Chlorophyll content

Chlorophyll was extracted from approximately 0.4 gram

samples of fresh needle and cotyledon tissue with 80% acetone.

Absorbances of the solution of extract were measured at 649 and

665 millimicrons on a Beckman model DB spectrophotometer.

Total chlorophyll in milligrams per liter was obtained by use of

the following equation (101).

Milligrams of chlorophyll per liter of solution

6.45 (absorbance at 665) + 17. 72 (absorbance at 649).

This figure was then converted to milligrams of chlorophyll per

gram dry weight of needle tissue.

Nitrogen content

Nitrogen was determined using the standard Kjeldahl pro-

cedure modified for micro-analysis (2, p. 643-644).

Carbohydrate content

Starch and sugar were determined on 0. 250 gram samples

of needle tissue and on 0. 500 gram samples of non-needle tissue of

55- to 60-day-old plants. Sugars were extracted with 80% ethanol

(46, 54) and starch with 52% perchioric acid (68, 54). The ex-

tracts, following reaction with anthrone reagent were compared

at 625 millimicrons with a standard glucose curve on a Klett-

Summerson model 800-3 photoelectric colorimeter. Results were

expressed as milligrams of sugars or milligrams of starch per
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gram dry weight of tissue.

Statistical analysis

A single basic form of analysis was used for all the data.

Sources of variation and degrees of freedom for a complete

analysis of photosynthesis results are given below.

Sources of variation

Total

Races (R)

Degrees of freedom

359

1

Pretreatments (P) 1

RxP 1

Ages (A) 2

RxA 2

PxA 2

RxPxA 2

Temperatures (T) 2

RxT 2

PxT 2

AxT 4

RxPxT 2

RxAxT 4

PxAxT 4

RxPxAxT 4

(35)

Remainder 324
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This analysis of variance involved four main effects or

treatments.

2 races: Corvallis, Oregon and Missoula, Montana

2 growth temperatures (called pretreatments in the

analysis): 36°C/2l°C and 18°C/4°C.

3 ages: cotyledon stage, 55 and 100 days after planting.

3 measurement temperatures: 20°C, 27. 5°C, and 35°C.

The average value of any one treatment was based on ten

observations for photosynthetic data and on five observations for

respiratory data. Throughout the experiment the progenies of the

three Missoula trees were labelled according to female parent.

Four photosynthetic observations (and two respiratory obser-

vations) were made on each progeny at every treatment, or a total

of 12 observations (six for respiration) in all. Two observations

(one for respiration) were eliminated at random to get the ten

(or five) used in the above analysis.

However, the 12 observations were used to analyze the

variation of progenies in photosynthetic response within the

Mis soula race. Within race data on respiration were not analyzed

because the within treatment results were quite variable and there

were only two observations per progeny per treatment.

According to the terminology of Snedecor (89, p. 257-258)

the mean squares of these analyses of variance have the form of a

model in which the treatments (including race) are deliberately

chosen. As a result, the experimental material constitutes the

entire population about which valid inferences can be drawn (30,

13



p. 464).

Within the races the experimental material, that is the

trees from which seed was gathered, was taken at random, except

that the trees had to be fairly heavy cone bearers in the year of

collection.

14



REVIEW OF LITERATURE

Photosynthesis and respiration

Genetic variability in photosynthetic and respiratory responses.

The rate of carbon dioxide exchange responds to changes in

temperature, light intensity, CO2 concentration, and other factors

of the environment. Even for material grown in a common environ-

ment, numerous instances of the presence or absence of genetic

variation in photosynthetic or respiratory responses to environ-

mental factors have been published. Only studies concerned with

differences in temperature responses are mentioned or reviewed

here. Even thus limited the results are quite desultory, as will be

seen below, and it is difficult to see many patterns.

Algae

Perhaps the most extreme case of genetic divergence in

temperature response of photosynthesis has been observed be-

tween a thermophilic mutant of the Emerson strain of Chlorella

pyrenoidosa and the normal type (91). The latter had a tempera-
0ture optimum of 25-26 C at 1600 foot-candles, and its upper

temperature limit for stable growth was about 30°C. The thermo-
0phile grew unstably at 1600 foot-candles below about 25 C, and had

a temperature optimum for growth of 39°C.

Cultivated plants
Among various agricultural crops, several tests for varietal

differences in photosynthesis and/or respiration have been
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published. In occasional cases the varietal differences could be

associated with climatic adaptation, but generally there was no

apparent relationship, or not enough information was given to

determine one. Usually, the varieties were tested at only one or

two levels of the environmental factors, that is of light, tempera-

ture, etc. With these restrictions varietal differences in net

assimilation rates were observed among wheat varieties (63), tall

fescue varieties (15), tomato varieties (21), and between northern

and southern Swedish barley varieties (3). In the last citation the

temperature optimum was higher for the southern variety than for

the northern. The southern variety also had a higher upper-

temperature-compensation-point.

Varietal differences in respiration rates have been observed

in rice (76) and sunflower (107), but not between winter and summer

rye varieties (28). The rice varieties differed only at lower

temperatures.

Several forms of cultivated beets were investigated as to

rates of photosynthesis and respiration during two growing seasons

(81). On a dry leaf weight basis, the forms differed in their aver-

age rates of assimilation for the season, and this appeared to be

positively correlated with the degree of rhizocarp development

(81, p. 1290). The varieties also differed in their respiratory

rates (81, p. 1289). In both processes the average rate of the

slower respiring or photosynthe sizing variety was about 75-80% of

the average rate of the most efficient variety. No relationship was

apparent between the magnitudes of photosynthetic and respiratory

16



rates.

A rather interesting observation was made on several clones

each of three forms of red clover (48). The forms differed with

respect to growth habit and in degree of self-fertility. There were

no differences among the forms in either photosynthetic or respira-

tory response, however, among clones within forms there were

highly significant differences. Selection then, artificial or natural,

could potentially lead to "photosynthetic or respiratory varieties"

within a group of plants which otherwise appear quite homogeneous.

Again there was no relationship between the intensities of assimi-

lation and respiration.

Herbaceous plants.

Rather modest genetic differences have been observed in

most work with naturally occuring higher plants. The rates of

photosynthesis of six different climatic races of the Mimulus

cardinalis-lewisii complex were measured at temperatures from

0°C to the upper -temperature -compensation-point (71). Below

20°C and above 40°C there was variation among the races, but

almost none at temperatures between 20°C and 40°C. The point

of the temperature optimum was practically the same for all races.

Respiratory measurements were so variable that no racial differ-

ences could be defined.

In a similar manner racial variation of several ecotypes

representing coastal, inland and alpine climates of Solidago

virgaurea was studied (5). Ecotypes varied in their photosynthetic

17



temperature optima from about 16°C to 24°C. Alpine plants had

the lowest optima, inland plants the highest (5, p. 6).

Respiratory rates of the coastal and inland groups differed

slightly in their Q1015 from 5° to 15°C. The inland group had a

significantly higher Q10 (6). Alpine plants on a dry weight basis

respired about twice as rapidly as inland plants.

Similarly high respiratory activity of alpine individuals as

contrasted with lowland plants has been noted for several other

species (37). In this case alpine plants also assimilated more

rapidly than valley plants when tested at low temperatures and in

saturaiing light.

Quite strong differences in photosynthetic rates at a single

temperature have been shown for two geographic races of Oxyria

digyna (4). Alaska plants assimilated faster than their counter-

parts from Northwestern Montana. In a more comprehensive re-

port (73) it was demonstrated that northern ecotypes had a lower

temperature optimum for net photosynthesis, but that the maximum

photosynthetic rate was essentially the same for both groups (73,

p. 20).

However, not all studies have uncovered even small differ-

ences. Respiratory rates of eight species of arctic and temperate

plants (85) were analyzed and in only two cases were any differ-

ences found. Where differences existed the northern race respired

significantly faster than the southern one.

18



Woody plants.

All the preceding investigations compared material which

had been raised, at least for a time prior to testing, in a common

environment and measured under similar conditions. In studies of

forest trees the former stipulation has not always been met.

Photosynthesis and respiration of two individuals of Picea

excelsa growing at two altitudes were followed during the course of

an entire year (77). The method of comparison was to bring twigs,

just removed from trees at the two altitudes, into the laboratory and

immediately determine gas exchange. The alpine tree was always

found to assimilate much more slowly than the lowland tree (77, p.

529). This was particularly true in late fall and early spring when

the differences were as much as threefold. But because the alpine

temperature was always lower than the valley temperature at the

time the twigs were detached, there is question here whether the

photosynthetic differences were due to selection or to temperature

preconditioning.

Differences in respiration were much smaller and actually

switched during the year. Alpine material respired more rapidly

in the winter, valley material more rapidly in the summer. When

the same species was studied in the seedling stage, sources from

colder districts showed more intensive respiration (84).

Detached branches were also used to compare clones of

three geographic races of Larix decidua (78). The clones, which

were growing in a common location when twigs were collected,

differed in daily maximum rate. A clone of Alpine origin
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assimilated more rapidly than clones of Scottish or Polish origin.

In a study of loblolly pine, photosynthetic rates of two

latitudinal races were determined on seedlings grown in the green-

house under different photoperiods after one year of growth outside

(69). As a result of the photoperiodic treatments there were racial

differences in both height growth and photosynthetic rate. But the

latter difference was only on a seedling basis, not on a tissue basis.

Thus, it was concluded that the races did not vary in their unit rates

of assimilation, but probably did in their ttefficiency of use of

photosynthateU. The respiratory results were just the reverse.

The races differed on a needle length basis (the southern race

respired faster), but not on a whole top basis.

Finally, and of particular pertinence, is a study of the

comparative photosynthesis and respiration of seedlings of two

longitudinal races of Douglas-fir (53). Response to both varying

light intensities and varying temperatures was evaluated on 35-

day-old and 65-day-old seedlings which had previously been grown

under highly favorable conditions in a controlled environment

chamber.

At saturation light intensity the temperature curves of the

two races were quite similar, although at 35 days the Vancouver

Island plants in general photosynthesized faster at lower tempera-

tures (10°C to 30°C) than did the Western Montana plants (53, p.

30). In addition, coastal plants at 65 days appeared to have a

slightly higher temperature optimum (53, p. 30). Two more races,

a second from Vancouver Island and one from extreme



Northwestern Montana were tested at 35 days of age and 20°C.

These plants differed significantly from the original two races,

but not from each other (53, p. 32). Thus, no photosynthetic

adaptation to inland or coastal climates was indicated. The

Vancouver Island plants respired faster at most temperatures

(53, p. 30).

The preceding studies have established that under certain

or all conditions there are, among certain genotypes, differences

in rates or patterns of photosynthesis or respiration. But

differences are small and good generalizations with respect to

them are elusive.

For example, there is a tendency for northern and alpine

varieties when compared with southern or lowland strains, to

assimilate faster at lower temperatures, or to have lower tempera-

ture optima, or to have lower upper-temperature-compensation-

points (3; 5, p. 6; 37; 84; 85). But notice the number of exceptions

(53, p. 30; 71; 85; 69).

Similarly, there is a small tendency for racial differences

in net photosynthetic rates to be positively correlated with

respiratory differences (37; 53, p. 30). But here again there are

many instances where no correlation is found (48; 69; 81, p. 1289

1290).

Effect of temperature pretreatment on photosynthetic and
respiratory responses.

Temperature has been shown to exert a strong effect on the

photosynthetic and respiratory responses both at the time of
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measurement and when used as a pretreatment (88, p. 271-274).

The latter effects are of primary concern here.

It has been reported that different temperature pretreat-

ments have measurable effects on several aspects of the tempera-

ture curve of net photosynthesis. First, it may shift the point of

the temperature optimum and of the upper-temperature-compen-

sation-point. Water plants raised at low temperature had their

highest photosynthetic intensity at 8°C, whereas plants held at
0warmer temperature assimilated more actively at 18 C than at

8°C (32). The temperature optimum for net photosynthesis of

alpine plants (38, p. 272) and of lichens (94, p. 23) has been ob-

served to shift to higher temperatures in the summer.

Second, the maximum photosynthetic rate may be altered.

Chlorella pyrenoidosa raised at 25°C had about 3. 5 times the opti-

mum rate of assimilation as the same strain grown at 3 9°C, even

though the latter cells had a higher concentration of chlorophyll

(90). The same results, more rapid assimilation of CO2 when

grown at lower temperatures, were also observed for a thermo-

philic blue green alga (13), for Pisum sativum (58), for two rye

and three wheat varieties measured at 11°C and 21°C (28, p. 323

324) and for Pinus strobus seedlings measured at 4°C and 20°C

(11). However, when the photosynthetic rates of alpine and low-

land individuals of Scots pine were compared at 12°C the lowland,

or high temperature, plant always assimilated faster (77, p. 529).

In contrast with the above, there are also some reports of no

temperature pretreatment effect on photosynthesis (25, p. 250).

22



A temperature pretreatment effect on the intensity of

respiration may also be expected. In general, plants grown at

low temperature evolve CO2 more rapidly than plants grown at

high temperature. As examples may be noted reports that roots of

tomato plants respire disproportionately high in winter (9),

cucumbers grown for eight days at 1°-10°C respire at nearly twice

the rate of plants grown at 23°C (108) and peas grown at 17°C

evolve CO2 faster than plants grown at 23°/i 7°C (50). Two notable

exceptions may be mentioned: first, Pinus strobus seedlings grown

in a greenhouse and outdoors in a New England winter and measured

in January-February had similar respiratory rates when compared

at several different temperatures (11) and second, Scenedesmus

obliqus cells pretreated at 27°-28°C respired faster than cells
0 0pretreated at 17 -18 C (66, p. 92).

The length of time necessary for temperature pretreat-

ment to have a measurable effect on subsequent photosynthetic or

respiratory behavior is quite short. Photosynthesis of young

Pinus cembra drops after the first fall frost, and it has even been

observed that the lower the night's temperature the lower the

photosynthetic rate of the succeeding day (96, p. 642). This has

also been reported for other plants (24). The photosynthetic rate

of Tradescantia was reduced by about 40% within 18 hours after

transfer from 20°C to 36. 5°C (64). In this case temperature

curves were run and the 36. 5°C pretreatment reduced assimi-

lation only at measurement temperatures below 40°C.

23



Hottonia palustris plants raised at 5°C had a higher rate of

photosynthesis at 5°C than at 25°C (29). But when these plants

were transferred to a 25°C bath the rate at 5°C began to drop and

that at 25°C began to increase. Within three days the rate at 25°C

was higher. Detached twigs collected from alpine Scots pine during

cold weather always had a very low initial rate of assimilation at

12°C (77, p. 526-527). However, this rate had already begun to

increase within one day, and by seven to 14 days had reached a

plateau much higher than the original measurement.

Racial differences in photosynthetic and respiratory responses to
temperature pretreatment.

Photosynthesis and respiration of plants of two herbaceous

species, Oxyria digyna and Solidago virgaurea, and of seedlings of

one tree species, Pinus strobus, have been studied following pro-

longed pretreatments under different environmental conditions.

Generally, the results showed that a major part of the genetic

differences between ecotypes with respect to CO2 exchange resided

in a differential response to the pretreatment. Perhaps striking by

its absence is any pattern which consistently distinguishes the

photosynthetic or respiratory responses of a cold habitat race from

a warm habitat race of the same species. Even the environmental

pretreatment, which does magnify genetic differences, does not

seem to help in establishing such a pattern.

The Oxyria digyna material was collected from several

geographic localities in the Western United States and Alaska (73).

The plants were subsequently raised in two growth chambers in
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which the climate tended to simulate that of the collection areas

with respect to temperature and photoperiod. The "Alaska"

chamber averaged about 5°C lower in temperature and eight hours

longer in photoperiod.

When net photosynthetic rates and respiratory rates of four

ecotypes were compared at 20°C and 15°C respectively, a strong

interaction between ecotype and pretreatment was found. For

example, one ecotype assimilated equally well regardless of pre-

treatment, while a second photosynthesized much more rapidly

following the warm temperature - short photoperiod conditioning

(73, p. 18). But both of these ecotypes were from high elevation

in the Western United States, and an Alaskan ecotype behaved as

if intermediate to them. In the case of respiration, a geographic

pattern seemed present. Northern ecotypes respired faster after

warm temperature - short photoperiod pretreatment, southern

ecotypes after cool temperature -long photoperiod pretreatment

(73, p. 18).

In the tests of Solidago virgaurea genetic differences were

also present (5). Plants from maritime, inland, and alpine loca-

tions were grown together in three controlled environment chambers

designed to simulate the temperature environment at the locality of

collection. Maritime and inland individuals maintained the same

temperature optima of net photosynthesis at all environments (5,

p. 6). Alpine plants had a temperature optimum of 16°C in the

alpine climate, but slightly higher in the maritime and inland

climates.
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Subsequently, leaf respiration of alpine and coastal popu-

lations of the same species was compared (6). Plants were first

grown at moderate temperatures and the alpine race respired about

twice as fast as the coastal source. Then the temperature was

lowered for rest induction and although both sources showed a

large increase in respiration at 25°C, the alpine plants responded

considerably more.

In contrast to the above, when several north to south seed

sources of Pinus strobus were tested there was no significant race

or pretreatment effect on respiration (11). With respect to photo-

synthesis, however, both effects were important. Four-year-old

seedlings of northern and southern origin were compared at 20°C

and 4°C and northern plants photosynthesized considerably (al-

though not significantly) faster than southern plants if both had been

left outside (in the New England winter), but not if both were kept in

the greenhouse. This is analogous to the results with Oxyria where

one pretreatment provoked greater differences between races than

another. In the case of Oxyria the warmer pretreatment resulted

in differences; with Pinus the colder pretreatment did.

Plant growth

Effect of temperature on plant growth.

Plants in the present study were grown in controlled environ-

ment chambers, and as a consequence most of the environmental

variation has been in a single factor, namely temperature. This

review will be limited to studies in which similar control has been
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maintained.

A large number of investigations have been made into

temperature effects, particularly the effects of extreme tempera-

tures, on growth of microorganisms (59). Results seem to show

that under a certain set of environmental conditions in which only

the temperature regime is varied, an organism will have a fairly

narrow range for optimum growth. Above and below this tempera-

ture, but particularly above, growth rate is quite rapidly depressed.

In many microorganisms it has been observed that growth ceases at

temperatures only a few degrees above optimum (59, p. 442).

However, experience with flowering plants has shown a less

immediate effect from increased temperatures. Usually the de-

pression curve is quite regular and similar both above and below

the optimum temperature or temperature regime (104, p. 103, 116,

140). However, the temperature effect may vary for different

organs of the same plant. For example, the top-root ratio of

potato plants grown at a constant 20°C day temperature increased

from a little less than 1. 0 to about 11. 0 as the night temperature
0 owas increased from 12 C to 22 C (104, p. 213). In the same night

temperature range there was no change in the top-root ratio of

tomato plants and the top-root ratio of pea plants decreased

slightly.

Optimum temperatures for forest tree growth have been

determined for seedlings of several species. A summary of the

data has indicated that species not only differ in total heat require-

ments, but also may differ in some particular aspect of that



requirement (34, p. 286). For some species the controlling factor

appears to be night temperature (34, p. 282), for some it appears

to be day temperature (35), for some it is the day-night differential

(36; 51, p. 47), and for others the daily heat sum seems to be the

dominant factor (75).

A limited number of temperature combinations have been

tried with Douglas -fir seedlings. They indicated that near the

temperature for optimum growth the day-night differential was very

important, but that further from the optimum temperature regime

the differential loses importance (34, p. 278). When the day

temperatures, 7°C, 17°C, and 23°C and the night temperatures,

7°C and 23°C were tried in various combinations the greatest top

dry weight increment was obtained at 17°/7°C. With respect to

the current investigation, this is fairly close to the cold chamber

temperature regime of 18°/4°C and far below the warm chamber
0 0regime of 36 /21 C.

Racial differences in plant growth response to temperature.

With respect to horticultural varieties, results from the

Earhart controlled environment facilities in Southern California

provide several instances of interaction (104). For example, it

was shown when tomato strains were compared that greenhouse

varieties had the lowest optimal night temperatures for early

growth, Western varieties had the highest, and Eastern varieties

were intermediate (104, p. 105). Likewise, among three varieties

of Nicotiana tabacum were found considerable differences in optimal
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temperature for growth (104, p. 113). Pea varieties, on the other

hand, were uniform in sensitivity to temperature: they were all

very sensitive at high dry temperature and all able to grow well at

relatively low temperatures (104, p. 122).

Tests with perennial native grasses have yielded similar

results. Several geographic strains of Poa ampla were compared

under a range of temperatures (40). One race, from Kahlotus,

Washington, developed most rapidly under cooi temperatures and

a second race, from near Spokane, most rapidly under warmer

temperatures (40, p. 207). Also, a race-temperature interaction

was observed in growth response to day/night temperature differ-

ential. When several races of Poa were grown under a

range of temperature combinations most of the races were found

to have a high tolerance to non-optimal temperatures, with one

exception: an extreme northern race made relatively good growth

only if the diurnal temperature variation was small (40, p. 213).

Perhaps the best controlled investigation of genetic variation

in temperature sensitivity was made on a number of lines of the

obligately self-fertilizing plant, A.rabidopsis thaliana (60). Seeds

were collected over an area extending from Western and Northern

Europe to Asia and Africa (60, p. 119). Subsequently, lines were

cultured in continuous fluorescent light of 1200 foot-candles inten-

sity. Sensitivity to different temperatures was determined by

measuring fresh weight after 21 days. Eleven races were compared

at 19°, 24°, and 29°C. Of the 11 lines, one showed a noticeably

depressed, and four a noticeably promoted, rate of growth at 29°C



relative to 24°C (60, p. 124). Other lines were intermediate. In

0 0 0a later test43 lines were compared at 25 , 30 ., and 31.5 C. One

of them had strongly depressed growth rate at 30°C and seven more

at 31. 5°C (60, p. 124-125). The distinct growth depression follow-

ing such a small temperature rise is rather unusual for natural

populations of land plants. It may have been due to the genetic

homozygosity of the lines.

The effect of diverse temperature regimes on top elongation

has been reported for several races of Pinus ponderosa and Tsuga

canadensis. First year growth of the latter was analyzed in an

attempt to relate elongation to the length of the frost free season

at the locality where the seed was collected (75, p. 58). No

relationships were found.

However, ponderosa pine from various parts of its range

showed quite different responses to temperature (14, p. 321-322).

Stem elongation of seedlings from the east side of the Rocky

Mountains responded well to increases in night temperature up to

22°C (the highest night temperature tested), whereas seedlings

from the Pacific Coast generally grew as well at 14°C night

temperature as they did at 22°C.

In summary, the following pertiment points can be made

with respect to the effect of temperature on growth. The optimum

temperature for top dry weight increment of one tested strain of

Douglas-fir seedlings is l7°/7°C approximately, and a diurnal

fluctuation of about 10°C seems to be important at all but low

temperatures. In land plants the growth rate depression is quite
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gradual both above and below the optimum temperature. Develop-

ment of various organs of the plant is affected to different degrees

by altered temperature. Racial variation both in optimal tempera-

ture for some aspect of growth, and in sensitivity to non-optimal

temperatures, can often be expected.
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RESULTS AND DISCUSSION

Photosynthe s is

Effect of age on net photosynthesis

The effect of age has been tested in a combined analysis of

data from three ages, two races, two temperature pretreatments

and three measurement temperatures. All main effects and several

interactions proved to be statistically significant. However, some

interactions were so involved that it seemed advisable to consider

only the age factor and its interactions in this analysis, and then

to treat, at each age separately, the three other main effects. The

combined analysis with F-values and significance statements for

sources of variation involving age are given in Table 1.

Table 1. Analysis of variance of net photosynthetic rates of
Douglas-fir seedlings for all ages, races, pretreatments, and
measurement temperatures. The F-values and significance state-
ments are given for sources of variation which included age.

** Significant at the 1 % level
NS Non-significant.
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Sources of variation D.F. Mean squares F-values
*

Ages (A) 2 273,485.63 2, 368. 34
Races (R) 1 2, 304. 05
AxR 2 2,483.17 21.53
Pretreatments (P) 1 73, 523. 17 * *
AXP 2 11,944.52 103.54
RxP 1 123.89
AxRxP 2 392.15 3.40 NS
Temperatures (T) 2 32, 198. 80
AxT 4 11,522.72 99. 89);
RxT 2 1,497.73 13.00
PxT 2 4,831.88
AxRxT 4 803.92 6. 97>.
AxPxT 4 564.21 4.89
RxPxT 2 7.41
AxRxPxT 4 135.03 1.16 NS
Error 324 115.37



Photosynthetic rate decreased drastically with increasing

age, the great majority of the decrease occurring before the plants

reached 55 days of age. This is in complete agreement with re-

sults previously obtained with Douglas-fir seedlings (53, p. 16).

But perhaps as striking as the age effect were age interactions with

race, pretreatment temperature, and measurement temperature

(Table 1 and Figures 1, 2, and 3).

Between the cotyledon stage and 55 days of age the rate of

net photosynthesis dropped to approximately 40% of the rate measur-

ed when cotyledons only were expanded. Corvallis seedlings dis-

played a greater drop than Missoula seedlings, principally because

of their greater assimilatory efficiency in the cotyledon stage

(Figure 1). This gave rise to the significant age-race interaction.

However, lV[issoula seedlings continued to show a decrease in

photosynthetic rate between 55 and 100 days, while Corvallis plants

did not. This was due almost entirely to Missoula plants from the
01 036 /21 C pretreatment (Table 2). As the time in the hot chamber

was prolonged the assimilatory rate of Mis soula plants decreased

more than the rate of Corvallis plants.

Table 2. Net photosynthetic rates of Douglas-fir seedlings from
Corvallis and Missoula at different ages and following two tempera-
ture pretreatments. Rates are expressed in milligrams of CO2
absorbed/gram needle dry weight/hour, and are the averages of
measurements at 200, 27. 50, and 3 5°C.

Pretreatment: 36°/21°C 18°/4°C
Age Race: Missoula Corvallis Missoula Corvallis

Cotyledon stage
55 days

27. 6 30. 5 18.4 20. 9
37.
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Figure 1. Net photosynthetic rates of Corvallis and Missoula
Douglas-fir seedlings at the cotyledon stage, 55, and 100 days
from planting. Rate is calculated on a dry needle weight basis.
Each point is the average of 60 observations, 10 each at 200, 27. 50,

and 35°C on plants raised at 18°/4°C and 36°/21°C growth
temperatures. Estimated standard error associated with each
point is 1.39 milligrams of CO2 absorbed/gram/hour.
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Figure 2. Net photosynthetic rates of Douglas-fir seedlings raised
in two temperature regimes and measured at the cotyledon stage,
55, and 100 days from planting. Rate is calculated on a needle
dry weight basis. Each point is the average of 60 observations,
10 each at 20°, 27. 5°, and 35°C on plants of the Mis soula and
Corvallis races. Estimated standard error for each point is 1.39
milligrams CO2 absorbed/gram/hour.
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Figure 3. Net photosynthetic rates of Douglas-fir seedlings of
three ages measured at 200, 27.50, and 35°C. Rate is calculated
on a dry needle weight basis. Each point is the average of 40
observations, 10 each on plants of the Corvallis and Missoula
races raised at 18°/4°C and 36°/21°C growth temperatures.
Estimated standard error for each point is 1. 70 milligrams CO2/
gram/hour.



37

The drop in rate was slightly more pronounced at the 20°C

measurement temperature than at higher temperatures (See Figure

3). For example, the 20°C rate of 55-day-old seedlings was 34%

of the 20°C rate of cotyledon stage seedlings. But when 27. 5°C

rates were compared, rates for 55-day-old plants were 43% of those

for cotyledon stage seedlings.

Plants which had been grown at 36°/Zl°C photosynthesized

considerably faster at all ages than plants grown at 18°/4°C. (Part

of this difference could be accounted for through increased respira-

tion rates of the latter plants. This will be discussed later.) Pre-

treatment interaction with age came about because hot chamber

plants showed a greater decrease in photosynthetic rate with age

than did seedlings raised in the cold chamber (Figure 2).

The optimum temperature for net photosynthesis increased

considerably as the plants developed beyond the cotyledon stage

(Figure 3). This was reflected in a significant age-measurement

temperature interaction. This interaction was further complicated

by weaker interactions with race and with pretreatment (Table 1).

Racial behavior will be discussed when the results at each age are

presented. The importance of the three way age-pretreatment

temperature -meas urement temperature interaction is summarized

in Table 3. This shows that the optimum temperature for net

photosynthesis increases with age and that most of the increase

occurs between the cotyledon stage and 55 days of age. That the

increase occurs under cold as well as hot chamber conditions is

evidence that it is partially a true age effect and not due to



temperature pretreatment alone.

Table 3. Estimated optimum temperatures for net photosynthesis
of Douglas-fir seedlings of three ages and raised in two temperature
environments. All figures above 20°C are interpolations between
two measured temperatures.

Cotyledon stage less than 20°C
55 days '20°C
100 days "22°C

"20°C
"'27°C

The salient points of the age analysis, then, seem to be

these, 1) the greatest differences between races and among other

treatments occurred at the youngest age tested and as the seedlings

aged these differences tended to disappear and 2) the temperature

optimum for photosynthesis increased as the seedlings aged and,

coincidently, the rate at high temperatures (3 5°C) did not decrease

as much relatively as the rate at lower temperatures.

Net photosynthesis by seedlings in the cotyledon stage

Figures 1, 2, and 3 pointed out that the greatest treatment

differences in photosynthesis appeared in the cotyledon stage. Re-

suits of analysis of this material are presented in Table 4.

The analysis shows that racial, or genetic, effect is highly

significant. Averaged over all three measurement temperatures

the ratio of the racial variance component to the racial plus error

components is about 28%. It is the same under both growing con-

ditions because of the extremely small race-pretreatment tempera-

ture interaction at this age.
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Table 4. A.nalysis of variance of net photosynthetic rates of
Douglas-fir seedlings in the cotyledon stage.

** Significant at the 1 % level.
NS Non-significant.
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The analysis also shows that there is a highly significant

race-measurement temperature interaction. This is brought out

very strikingly in Figure 4 in which the rates are plotted against

temperature.

If the two curves in Figure 4 are average& the result gives

an outline of the average temperature curve for this age (see also

Figure 3). The differences between temperatures are highly signi-

ficant. However, pretreatment also has a strong effect on the

temperature curve as detailed in Figure 5 and as shown by the

relative magnitude of the mean square for pretreatment-temperature

interaction in Table 4. Plants grown at l8°/4°C appear to have a

temperature optimum for net photosynthesis below 20°C (extrapo-

lating with the aid of Figure 5), while that for plants grown at

36°/21°C is probably about 20°C. The temperature optima are

estimated in Table 3.

Sources of variation D.F. Mean squares F-values

Races 1 65 67 27 36
Pretreatments 1 762.68 317.71
RxP 1 0.49 O.a0.S
Temperatures 2 499.80 2O8.2l,
R x T 2 24,67 10. 28
P x T 2 31.88 13. 28'
RxPxT 2 0.45 0.19NS
Error 108 2.40
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Figure 4. Net photosynthetic rates of cotyledon stage Douglas-fir
seedlings of two races determined at three temperatures. Each
point is the average of 20 observations, 10 each on plants raised
in the 18°/4°C and 36°/21°C growth temperatures. Estimated
standard error associated with each point is 0.35 milligrams CO2
absorbed/gram/hour.

40



34

0

I
14

o , 036 CIZ1 C pretreatment
-- 18°C! 4°C pretreatment

\

0

41

20° 27.50 35°
Measurement temperature (°c)

Figure 5. Net photosynthetic rates of cotyledon stage Douglas-fir
seedlings raised in two temperature regimes and determined at
three temperatures. Rates are calculated on a dry needle weight
basis. Each point is the average of 20 observations, 10 each on
plants of the Corvallis and Missoula races. Estimated standard
error associated with each point is 0. 35 milligrams CO2 absorbed/
gram/hour.
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At this age the seedlings are very small. Seed coats have

just been shed and the cotyledons have just become parallel with

the ground surface. The first needles have elongated at most half

a centimeter. Thus, it is possible that what these little seedlings

amount to is dependent largely on the beneficence of their mothers.

And the question arises, are the racial differences displayed in

Figure 4 due to the genes of the seedling, or are they due to mater-

nal effects, such as differences in the tissue of the female gameto-

phytes? Unfortunately, material from reciprocal crosses would

be required to answer this, and it is not available. However, some

of the data from the older seedlings may bear on the question and

will be pointed out at the proper time.

Net photosynthesis by 55-day-old seedlings

The analysis of variance of this material is shown in Table

5. Race is again a significant source of variation. However, the

Missoula seedlings now have faster average rates (Figure 6) in

contrast to the results in the cotyledon stage when Corvallis seed-

lings were faster (Figure 4). This may indicate that the race

differences in the very young material (Figure 4) were indeed due

to maternal effects. The non-environmental variance accounted

for by racial differences is only about 8%, a very small amount,

at 55 days of age. (It was 28% in the cotyledon stage.)

Figure 6 also illustrates the race-measurement temperature

interaction. As in the younger plants, Mis soula seedlings show less

depression in photosynthetic rate at high temperatures than do
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Figure 6. Net photosynthetic rates of 55-day-old Douglas-fir
seedlings of two races determined at three temperatures. Rates
are calculated on a dry needle weight basis. Each point is the
average of 20 observations, 10 each on plants from the 18°/4°C
and 36 /21 C growth temperatures. Estimated standard error
associated with each point is 0. 16 milligrams CO2 absorbed/gram/
hour.
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Corvallis seedlings. That this pattern shows up in older seedlings

is perhaps evidence for this racial difference being due to the

genotypes of the seedlings, not to maternal effects.

Table 5. Analysis of variance of net photosynthetic rates of 55-
day-old Douglas-fir seedlings.

* Significant at the 5% level.
':*Significant at the 1% level.
NS Non-significant.

Two additional races were tested at 55 days to further corn-

pare inland and coastal material. The new seed sources were from

Vancouver Island and Alder, Montana. Again rates were determined
0 0 0at 20 , 27. 5 , and 35 C (Figure 7). Using average rates of net

assimilation for each race, an analysis was run to test the possibili-

ty that racial differences, particularly those associated with the

race -measurement temperature interaction, might be connected

with geographic differences (Table 19). In spite of the tendency

toward an area-measurement temperature interaction, this source

of variation was not significant. Neither was that due to area

alone.
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Sources of variation D.F. Mean squares F-values
Races 1 3. 10 5.90*
Pretreatments 1 173. 06 328. oo**
Rxp 1 1.18 2.23NS
Temperatures 2 37.97 71.95**
R x T 2 5.99 11. 32**
PxT 2 16.04 30.40**
RxPxT 2 2.44 4.62*
Error 108 0.52
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Figure 7. Net photosynthetic rates of 55-day-old Douglas-fir
seedlings from the Pacific Coast (Vancouver Island and Corvallis)
and from the Rocky Mountains (Missoula and Alder, Montana).
Rates are calculated on a dry needle weight basis. Each point is
based on 20 observations, 10 each on plants raised at 18°/4°C and
36°/2l°C growth temperatures.
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Pretreatment continues to have a strong effect on the

temperature curve and the temperature optimum for net photosyn-

thesis (Figure 8). According to the literature reviewed, a high

growth temperature generally has two influences on assimilation:

it shifts the temperature optimum for net uptake of CO2 several

degrees upward, and it depresses the net rate of uptake. Although

the first effect is very much in evidence in these seedlings, the

second is flatly contradicted.

But perhaps the contradiction occurs because the 200 to

35°C temperature range is too narrow. To check this possibility

the range was extended 7. 5°C in either direction, primarily to

determine if the temperature curves for pretreatment would cross

below 20°C. Results are presented in Figure 9.

Certainly the effect of hot temperature pretreatment becomes

less noticeable as the measurement temperature is decreased, but

at the same time the curves give no indication of imminent crossing.

From 12. 5°C to 42. 5°C seedlings grown at 36°/2l°C assimilate

more rapidly than comparable seedlings raised at l8°/4°C. This

will be discussed further when dry matter production is analyzed.

Also of interest in Figure 9 are the positions of the upper-

temperature-compensation-points. It appears slightly higher for

Missoula than for Corvallis seedlings, perhaps by one to three

degrees. This agrees well with a previous comparison of coastal

and Rocky Mountain seedlings (53, p. 30). In addition, the compen-

sation point appears considerably higher for hot chamber pretreated

plants, perhaps by five to eight degrees. It must be iterated that
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200 27.5° 350
Measurement temperature (°C)

Figure 8. Net photosynthetic rates of 55-day-old Douglas-fir
seedlings raised in two temperature regimes and determined at
three temperatures. Rates are calculated on a dry needle weight
basis. Each point is the average of 20 observations, 10 each on
plants of the Missoula and Corvallis races. Standard error
associated with each point is estimated as 0. 16 milligrams CO2
absorbed/gram/hour.
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12.5° 20° 275° 350 42.50
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Figure 9. Net photosynthetic rates of 55-day-old Douglas-fir
seedlings determined at five temperatures. Rates are calculated
on a dry needle weight basis. Each point is the average of 10
observations. Average standard error associated with each point
is estimated to be 0.23 milligrams of CO2 absorbed/gram/hour.
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these rates, particularly at the highest temperatures, hold for only

a brief period of measurement. At most, plants were in the cuvette

for one hour when rates at 42. 50 were determined.

Net photosynthesis by 100-day-old seedlings

Missoula seedlings in the cold chamber set a bud between

60 and 90 days of age. Interestingly enough this was not accom-

panied by a noticeable decrease in the photosynthetic rate. The

average rate for Missoula seedlings pretreated at l8°/4°C was

7. 3 milligrams CO2 absorbed/gram needle dry weight/hour at

100 days as contrasted with 7.5 at 55 days. Corresponding rates

for Corvallis seedlings, which did not set a bud, were 7. 1 and 7.3.

In the hot chamber no buds were set, but the rates of Missoula

plants dropped considerably from 55 to 100 days: from 12. 4 milli-

grams of CO2/gram needle dry weight/hour to 8. 6. Rates of

Corvallis seedlings dropped less, from 11.3 to 10. 1. This differ-

ence between races gave rise to a race-pretreatment temperature

interaction which was highly significant (Table 6 and Figure 10).

Because of the significant interaction between race and

pretreatment temperature, the contribution of genetic variance to

genetic plus error variance was evaluated for each pretreatment

temperature separately. It proved to be zero for the rates of the

cold chamber pretreated plants, and 33% for hot chamber pre-

treated plants, which further stresses the strength of this inter-

action. (If the rates from the two chambers are pooled the ratio

is about 12%, approximately the same as it was at 55 days.)



Table 6. Analysis of variance of net photosynthetic rates of 100-
day-old Douglas-fir seedlings.

** Significant at the 1 % level.
NS Non-significant.

The race-measurement temperature interaction, which was

the most obvious racial difference in younger plants was absent at

100 days of age. However, when all ages were combined and this

interaction tested, it was still highly significant (Table 1).

Net photosynthetic rates of Missoula progenies

Because the Mis soula seeds were kept separate by female

parent, the material offered an opportunity to investigate genetic

variation among a small number of open pollinated progenies native

to a geographic location no greater than five acres in extent. Only

terms involving progenies are discussed here.

The progeny effect was highly significant as was the progeny-

age interaction (Table 20). But differences which were apparent

at the cotyledon stage had entirely disappeared by 100 days (Figure

11 and Tables 21 and 22). The same pattern was observed for

progeny-pretreatment temperature interaction. (Interaction at the

first two ages is illustrated in Figure 12.) Pretreatment effect on
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Sources of variation D. F. Mean squares F-values

Races 1 3.90 7. 45**
Pr e treatments 1 38.35 73. 20**
RxP 1 6. 75 12. 86**
Temperatures 2 14. 65 27. 98**
RxT 2 0.42 0. 77 NS
PxT 2 11.69 22. 32**
RxPxT 2 0. 73 1.37 NS
Error 108 0.52
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Pretreatment temperature (°C)

Figure 10. Net photosynthetic rates of 100-day-old Corvallis
and Missoula Douglas-fir seedlings following the indicated
pretreatments. Rates are calculated on a dry needle weight basis.
Each point is the average of 30 observations, 10 each at 200,
27. 5°, and 35°C. Standard error associated with each point is
estimated to be 0, 16 milligrams CO2/gram/hour.
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Figure 11. Net photosynthetic rates of three Missoula progenies
at three ages. Rates are calculated on a dry needle weight basis.
Each point is the average of 24 observations, 4 each at 20°, 27. 5

and 35°C on plants raised in the 18°/4°C and 36°/2l°C growth
temperatures. Average standard error associated with each point
is estimated to be 0. 19 milligrams CO2 absorbed/gram/hour.
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Figure 12. Net photosynthetic rates of three Mis soula progenies
following two temperature pretreatments. The top trio of lines
represents cotyledon stage plants. The bottom trio of lines re-
presents 55-day-old plants. Rate is calculated on a dry needle
weight basis. Each point is the average of 12 observations, 4 each
at 200, 27. 0 and 3 5°C. Average standard error associated with
each point is estimated as 0. 26 milligrams CO2 absorbed/gram/
hour.
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photosynthetic rate was much less on one of the progenies than it

was on the other two.

As far as absolute photosynthetic rate differences were con-

cerned, the difference between the two most divergent progenies

was 4. 4 milligrams CO2 assimilated/gram needle dry weight/hour

at the cotyledon stage and 1.4 milligrams at 55 days. This com-

pared with differences between the Corvallis and Missoula races

of 2.8 in the cotyledon stage and 0.6 at 55 days.

Are there then any racial differences which are not equalled

or exceeded by differences between progenies from a single race?

This material indicates only two: both gene-pretreatment tempera-

ture at 100 days of age (Tables 6 and 22) and gene-measurement

temperature interaction (Tables 1 and 20) distinguish races, but

not progenies within a race.

Respiration

Effect of age on respiration

When combined results of all ages were analyzed, they

showed that age influenced rate of CO2 evolution as strongly as it

had rate of assimilation (Table 23). However, the rate of respira-

tion continued to drop appreciably between 55 and 100 days of age,

whereas the rate of photosynthesis had pretty well leveled off by

55 days (Figures 2 and 13). The average rate of respiration of all

seedlings in the cotyledon stage was 5. 01 milligrams CO2 evolved/

gram needle dry weight/hour. This dropped to 2. 62 at 55 days of

age and to 1.63 at 100 days. A similar drop although somewhat
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Figure 13. Respiratory rates of Douglas-fir seedlings as affected
by increasing age. Rates are calculated on a needle dry weight
bases. Each point is based on 30 observations, 5 each at 20
27. 50, and 35°C on plants of the Missoula and Corvallis races.
Standard error associated with each point is estimated to be 0. 08
milligrams of CO2 evolved/gram/hour.
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less marked has been observed with other Douglas-fir seedlings

up to 100 days (53, p. 51). Those results were reported on a

needle plus stem dry weight basis while Figure 13 is based on

needle dry weights only.

In addition to age, the age-pretreatment temperature inter-

action and age-measurement temperature interaction were both

highly significant; age-race interaction was not.

Age-pretreatment temperature interaction is shown in

Figure 13. Because the absolute difference in respiratory rates

between pretreatments decreases with age, it has the appearance

of being very strong. However, at all three ages respiratory rates

of seedlings in the two chambers are in the same proportion, the

rates of the cold chamber seedlings ranging from 1.87 to 1.96 times

the rates of the hot chamber material. It is concluded therefore

that the statistically significant age -pretreatment interaction is

not biologically significant. Rather, the seedlings show the same

biological response to pretreatment at all three ages.

Similar reasoning leads to the conclusion that the significant

age-measurement temperature interaction also is not biologically

meaningful. Although the interaction indicates that the effect of

temperature on respiratory rate is different at the three ages, the

fact that respiratory Q1s are the same for all ages gainsays the

indication. (The experimental are discussed in more detail

in a later section.)
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Respiratory rates of seedlings in the cotyledon stage

There was no statistical difference between average respira-

tion rates of the two races at this age, but the race-pretreatment

temperature interaction was significant at the 5% level (Table 24

and Figure 14). Corvallis plants grown in the 36°/21°C environ-

ment respired, on the average, about 7% faster than Mis soula

plants. When plants from the l8°/4°C pretreatment were tested

Missoula seedlings averaged 15% faster.

Pretreatment (Figure 14) and temperature effects (Figure

15) were highly significant, as was temperature-pretreatment

temperature interaction (Table 24 and Figure 15). However, the

last named was entirely expected due to the exponential nature of

the temperature curves (see discussion in the preceding section).

Respiratory rates of 55- and 100-day-old seedlings

Neither the effect of race nor the race-pretreatment

temperature interaction was significant at either age (Tables 25

and 26). Pretreatment and measurement temperature were signi-

ficant (Figure 15).

At 55 days respiration rates were determined on Miss oula

and Corvallis seedlings at 12. 5°C and 42. 5°C in addition to the

customary three intermediate temperatures. Figure 15 shows the

relative magnitude of race and pretreatment differences across

this range of temperatures, and it well illustrates that the effects

of race are exceedingly minor. The differences between races in

the 36°/21°C chamber, although consistent are not significant.
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Figure 14. Respiratory rates of two races of cotyledon stage
Douglas-fir seedlings following two temperature pretreatments.
Rates are calculated on a dry needle weight basis. Each point is
the average of 15 observations, 5 each of 200, 27. O, and 35°C.
Standard error associated with each point is estimated as 0. 16
milligrams CO2 evolved/gram/hour.
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Figure 15. Respiratory rates of 55-day-old Douglas-fir plants of
two races under the indicated conditions. Rates are calculated
on a dry needle weight basis. Each point is the average of five
observations. Average standard error associated with each point
is estimated as 0. 12 milligrams CO2 evolved/gram/hour.
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Average respiration rates of two additional races,

Vancouver Island and Alder, Montana, were also determined at

20°, 27. 5°, and 35°C (Figure 16). When Rocky Mountain and

coastal races were averaged and compared there was a small, but

consistent, effect associated with geographic area (Figure 16 and

Table 27). Fifty-five day old coastal seedlings had a slightly faster

rate of respiration than inland seedlings at all temperatures.

Krueger (53, p. 30) observed similar differences when comparing

races from the two areas.

Respiratory rates of 55-day-old seedlings as related to
carbohydrate and nitrogen concentrations in the foliage.

To determine if differences in respiratory rates could be

associated with the amount of reserve food, sugar, starch, and

nitrogen analyses were made on 55-day-old seedlings. Needle

and non-needle tissue were analyzed separately. Results of the

analyses are shown in Tables 7, 8, and 9.

Tables 7 and 8 point to a rather surprising element in the

material, the high sugar content in the hot chamber plants vis-a-

vis starch content. Generally, it has been observed that the low

temperatures drive the sugar-starch equilibrium in the direction

of sugar (25, p. 248-249), and high temperatures in the direction

of starch. But just the opposite seems to be true in the present

case.

It is due to a build-up of sugars at low temperatures that a

high respiration rate is generally expected of plants growing at

low temperatures (25, p. 248-249). But the most conspicuous
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Figure 16. Respiratory rates of 55-day-old Douglas-fir seedlings
from the Pacific Coast (Vancouver Island and Corvallis) and the
Rocky Mountains (Missoula and Alder, Montana). Rates are cal-
culated on a dry needle weight basis. Each point is the average
of five observations.
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Table 7. Sugar concentrations in tissues of 55-day-old seedlings.
Contents expressed in milligrams of sugar/gram tissue dry weight.

Table 8. Starch concentrations in tissues of 55-day-old seedlings.
Contents expressed in milligrams of starch/gram tissue dry weight.

difference between plants from the two chambers in the present

investigation was in the starch content of the needles (Table 8).

Needles of plants from the cold chamber exhibited over twice the

starch concentration of the foliage of plants from the hot chamber.

This suggests that the difference in starch content might be a partial

explanation for the strong pretreatment effect on respiratory rate

of Douglas-fir seedlings.

However, it can be seen that there is a high sugar content

in the needles of plants from both chambers, and that there is a
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Treatment Needles Stems and roots

Hot chamber
Missoula 250 190
Corvallis 310 200

Average 280 195

Cold chamber
Missoula 230 230
Corvallis 200 240

Average 215 235

Treatment Needles Stems and roots

Hot chamber
Missoula 100 60
Corvallis 60 50

Average 80 55

Cold chamber
Missoula 180 75
Corvallis 280 80

Average 230 77. 5



General effect of temperature on respiration

The difference between measurement temperatures was
07. 5 C, and an average Q7 was determined for each age, race,

and pretreatment. None of these was found to influence the Q7
.
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prominent race-pretreatment interaction in starch content of the

needles which does not show up in the respiratory rates. So starch,

or even carbohydrate, concentrations can hardly be the whole basis

for the rate differences.

Needle nitrogen content was slightly higher in hot chamber

seedlings than in cold (Table 9). As a consequence, if respiratory

rate was expressed on a needle nitrogen basis the difference attri-

butable to temperature pretreatment was even greater than when

rates were expressed on a dry weight basis. On a needle nitrogen

basis, there was also a slight difference between races in respira-

tory rates, Corvallis seedlings being faster than Missoula plants

(Table 28).

Table 9. Nitrogen concentrations in tissues of 55-day-old seedlings.
Contents expressed in milligrams of nitrogen/gram tissue dry
weight.

Treatment Needles Stems and roots

Hot chamber
Missoula 1.85 1.36
Corvallis 1.42 0.96

Average 1.64 1.16

Cold chamber
Missoula 1.38 1.40
Corvallis 1.30 1.34

Average 1.34 1.37



For example, the Q7 for plants in the cotyledon stage was 1.57,

for 55-day-old plants was 1.55, and for 100-day-old plants was

1.52. The average Q7 for all treatments was 1.55 which was

equivalent to a Q10 of 1.79, provided the effect was proportional

for the additional 2.5°C. This compares well with an average Q10

of 1.72 for 65-day-old Douglas-fir seedlings over a comparable

temperature range (calculated from Table 14, p. 79, in reference

53).

As has been generally observed in such comparisons (25,

p. 239), the location of the temperature gap in the spectrum of

temperatures has a strong effect on the Q-value. This can be seen

in Table 10 for the current material.

Table 10. Effect of temperature on the Q7 of 55-day-old Douglas-
fir seedlings.

Temperature range Average Q75

Photosynthetic and respiratory rates of
transferred seedlings

Effects of temperature pretreatment on rates of photo-

synthesis and respiration were very strong in all analyses. How-

ever, certain studies of photosynthesis, reviewed earlier, reported

this effect to be quite transient. Usually transfer of plants to a

new temperature environment measurably affected rates of CO2
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12.5 - 20°C 1.91
20 -27.5 1.62
27.5 - 35 1.46
35 -42.5 1.28



In the case of the transferred plants, only one-quarter to

one-third of the total needle tissue developed in the second chamber.

If the difference in CO2 exchange rate were due to irreversible

anatomical or mechanistic (that is, the physical structure of the

photosynthetic and respiratory apparatuses) causes, then rates of

transferred seedlings should be approximately midway between

rates of plants grown full term in the two chambers. This is not

true. After only ten days in the new temperature environment the
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assimilation within three ta seven days. Respiration of transferred

plants was not reported.

Tests with 55-day-old Douglas-fir seedlings showed tempera-

ture pretreatment effect to be equally fleeting. Only Corvallis

plants were used in this experiment. They were grown 45 days in

either the hot or cold chamber, then moved to the other chamber

and the rates determined ten days later at 27. 5°C. Rates of photo-

synthesis and respiration are presented in Tables 11 and 12

respectively where they are compared with non-transferred plants.

Table 11. Photosynthetic rates of 27. 5°C of transferred and non-
transferred 55-day-old seedlings of the Corvallis race. Rates are
in milligrams CO2 absorbed/gram needle dry weight/hour.

Treatments Rates

Hot chamber 55 days 12.8 (1)
Cold chamber 45 days--.hot chamber 10 14. 3
Hot chamber 45 days--cold chamber 10 7.4
Cold chamber 55 days 8. 1

(1) There were highly significant differences, in t-test comparisons,
among the following means: 14. 3 was different from all three
other means, 12.8 was different from 7.4 and 8. 1.



plants are behaving much as if they had been grown only in the

second chamber. Blackman and Wilson (8, p. 76-77) have reported

a similar response in sunflower plants transferred from one light

intensity to another.

Table 12. Respiratory rates at 27. 5°C of transferred and non-
transferred 55-day-old Douglas-fir seedlings. Rates are in
milligrams CO2 evolved /gram needle dry weight/hour.

(1) There are highly significant differences, in t-test comparisons,
among the following means: 1.95 and 2. 17 are different from
2. 74 and 3.46; 2. 74 in addition is different from 3.46.
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For this reason it is concluded that temperature pretreat-

ment, at least with respect to these young seedlings, must some-

how influence all the tissue participating in photosynthesis and

respiration, not just that portion of the photosynthetic and respiratory

mechanisms which developed under the particular pretreatment. This

will be treated in more detail in the section where growth is dis-

cussed.

Effect of pretreatment on
gross photosynthesis

As pointed out in preceding sections there was quite a

strong pretreatment effect on both the rates of dark respiration and

net photosynthesis. And the effects were opposite: hot chamber

Treatments Rates

Hot chamber 55 days 2. 17 (1)
Cold chamber 45 days--hot chamber 10 1.95
Hot chamber 45 days--cold chamber 10 2.74
Cold chamber 55 days 3.46
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plants had higher rates of net photosynthesis and lower rates of

dark respiration. This raises the question, how much of the differ-

ences in net photosynthesis was accounted for by respiratory

differences?

To answer this question some kind of constant and proportion-

al relationship between the rates of light and dark respiration has to

be established. This has not been done (12; 19; 52; 79, p. 566-570).

Results from various experiments have indicated that light respira-

tion is less than, equal to, or up to three times as rapid as dark

respiration.

To make some evaluation of pretreatment effect on gross

photosynthesis of the present material it was assumed that light

respiration was equal to, twice as great, and three times as great

as dark respiration. Gross photosynthesis was found to be approxi-

mately equal for both pretreatments only when light respiration

was taken to be about three times as great as that in the dark.

Such an effect of light on CO2 evolution may be possible

(19), but generally it is considered to be somewhat less. There-

fore, it is probable that the gross photosynthetic, as well as the

net photosynthetic, rates of hot chamber pretreated plants con-

siderably exceed those of cold chamber pretreated plants. A. plot

of gross photosynthesis assuming light respiration to be equal to

dark respiration is shown in Figure 17. Relative positions of the

curves are little changed from curves for net photosynthesis

(Figure 9).
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Figure 17. Gross photosynthetic (light respiration assumed equal
to dark respiration) rates of 55-day-old Douglas-fir seedlings
determined at five temperatures. Rates are calculated on a dry
needle weight basis.



Correlation of gross photosynthetic
and respiratory rates

Because there was an apparent inverse relationship between

the effect of temperature pretreatment on photosynthesis and on

respiration, a correlation analysis was made to test the strength

of the relationship. Although there was no way of knowing precisely

what figure to use to represent gross photosynthesis, the sum of

net photosynthesis and dark respiration seemed to be the best esti-

mate. A.verage photosynthetic and respiratory rates at 20°C and

27. 5°C combined of Missoula and Corvallis seedlings from each

pretreatment were paired for analysis. The correlation coefficients

therefore were calculated on four pairs of observations at each age.

Correlation coefficients for the three ages were, cotyledon

stage: -.814, 55 days of age: -.961, and 100 days of age: -.561.

These negative correlation coefficients underline the opposite effect

on the processes of gross photosynthesis and dark respiration by

the race and/or pretreatment factors. Close inspection of the

figures involved in the analysis indicated that the inverse correlation

was entirely the result of the temperature pretreatment. Although

races also differed slightly in photosynthetic rates at the three ages,

these differences did not contribute to the negative correlation be-

tween gross photosynthetic and respiratory rates.
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Comparison of CO2 exchange when expressed
on dry and fresh weight bases

Generally, CO2 exchange is expressed on a tissue area, or

on a tissue dry or fresh weight basis. For conifer needles, area

is a difficult measurement to obtain accurately and usually weight

is used. Further, because a more standardized and consistent

procedure may be used to obtain it, usually dry weight is preferred.

However, because photosynthesis and respiration are frequently

expressed on a fresh weight basis (31, p. 250), as well as dry,

and since average needle moisture percents are available for the

material in the present study, a comparison is of interest.

Figure 18 shows the effect of race, pretreatment tempera-

ture, and seedling age on average percent of dry matter in the

foliage. The average percent varied with race, 27. 7% in the

needles of Corvallis seedlings versus 30.3% in the needles of

Missoula seedlings; with pretreatment, 26.2% following 36°-2l°C

regime versus 31.9% following the 18°-4°C regime; and with age,

21.6% in the cotyledon stage versus 31.4% and 34. l%at 55 and 100

days of age respectively. 1

1 Although percent dry matter of roots is not pertinent to dis-
cussion on CO2 exchange, it is footnoted here because of interest-
ing contrast with foliage figures. There was almost no effect due
to race. Roots of Corvallis seedlings average 16.5% dry matter,
those of Missoula seedlings 16. 2%. Percentages due to pretreat-
ment were 18. 8 and 13. 8 for the hot and cold chambers respectively,
which was just opposite from the needles. Percent dry matter
increased with age from 11.2 to 16.8 to 21.0.
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How does this affect the relative rates of net photosynthesis

and respiration? It increases the CO2 exchange rate of Mis soula

plants relative to Corvallis plants. On a dry weight basis Corvallis

seedlings assimilate an average of 5% faster than Missoula seed-

lings; on a fresh weight basis the latter are faster by 6%. On a

dry weight basis Missoula plants respire 1% faster than Corvallis

seedlings, and 9% faster on a fresh weight basis.

Second, it increases assimilation and respiration of cold

chamber pretreated plants relative to hot chamber plants. On a

dry weight basis hot chamber plants take up CO2 46% faster than

cold chamber plants, but this drops to 22% on a fresh weight basis.

On a dry weight basis cold chamber plants respire 87% more

rapidly than hot chamber plants, and this increases to 126% on a

fresh weight basis.

Third, it increases the assimilation of old plants relative to

younger plants. Cotyledon stage plants photosynthesize faster than

100-day-old plants by 190% on a dry weight basis, but only 85%

faster on a fresh weight basis. The figures for respiration are

200% and 90% respectively.

Dry weight increment

A rather extensive investigation of dry weight accumulation

was made for two reasons: first, to test the effect of temperature

regime on growth, particularly with respect to race-environment

(growth temperature) interaction, and second, to determine if the

effect on growth could be connected with some aspect of the
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photosynthetic and respiratory responses. Racial differences in

photosynthesis and respiration were so slight that with one exception

there was no room for comparison in this regard. However, the

relationship between pretreatment effect on photosynthesis and

growth offered more fertile ground for investigation. Again, there

was the previously mentioned complicating feature in the growth

data, namely Missoula seedlings grown in the l8°/4°C regime set

a bud between 60 and 90 days of age. This certainly reduced needle

increment and probably had some effect on stem and root growth.

The average dry weights of seedlings and their component

parts are shown in Figures 19 and 20. Several aspects of growth

which are well illustrated by the graphs are discussed below.

Growth temperature (pretreatment) has a strong effect on

needle weight, root weight, and total plant weight, but not on stem

weight. (Results of analyses will be introduced later.) Generally,

growth rate in the 36°/21°C chamber is depressed relative to

growth rate in the cold chamber, but the reverse is true at the

cotyledon stage although Figures 19 and 20 would have tobe en-

larged to show this. Pretreatment effect on root growth is not

noticeable at 55 days, but after that it becomes quite pronounced

(Figure 20, bottom).

Race effect is generally shown through an interaction with

pretreatment, except at the cotyledon stage where neither race

effect nor interaction are significant. Interaction is the result of

Missoula seedling growth being more depressed in the hot chamber

than is Corvallis seedling growth.
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Plants from both sources grew equally well in the cold

chamber. The statistical interaction then might be due either to

the lVlissoula race having a lower temperature optimum than the

Corvallis race, or to the possibility that the Corvallis plants have

a broader "reaction norm" than Missoula plants. Data in this test

are sufficient to evoke at least these two alternatives, but not to

distinguish between them.

As previously mentioned, Missoula seedlings in the cold

chamber set a bud between the 55 day and 100 day weighings.

Figure 20 (top) shows that this did depress the rate of needle incre-

ment during this period. It also appeared to have a slightly stimu-

lating effect on root growth (Figure 20, bottom). This could be

expected because previous photosynthetic tests had shown that net

assimilatory rate of such seedlings was not reduced between 55

and 100 days. Consequently, if the assimilate was not being used

or was being used at a slower rate for formation of needle tissue,

it must have been going at an increased rate into stem and/or root

tissue. Total photosynthesis and growth would have been somewhat

depressed relative to non-dormant Corvallis seedlings, because

little or no photosynthetic tissue was being added to Missoula

seedlings after a certain age.

Dry weights of needles, stems, and roots separately, and

of whole plants were analyzed at each age. Race effect, growth

temperature effect, and race -pretreatment interaction were tested

for significance. The significance statements derived from these

analyses are presented in Table 13. Also in the table are figures
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which represent average differences between races (Corvallis

minus lVfissoula), between pretreatments (l8°/4°C minus 36°/2l°C),

and average differences due to interaction between the two main

effects. How the numbers were obtained is shown in the following

generalized example patterned after Langridge and Griffing (60,

p. iZO-izi).
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1 8°/4°C 36°/2l°C

Using this example,

race difference (Cc + Ch) - (Mc + Mh),

environment difference (C + Mc) - (Ch + Mh),

interaction = (Ch - Mh) - (Cc - Mc),

where T1CT and "M" represent Corvallis and Missoula races

respectively and 'c' and "h" represent the cold environment

(pretreatment) and hot environment respectively.

The result of each equation is actually double the average

difference and consequently the figures in Table 13 have been

divided by two before entry.



Table 13. A.verage differences in milligrams in dry weight of
Douglas-fir seedlings due to race, growth temperature, and inter-
action at three ages. Explanation of how the differences were
obtained is given in the text. The level of significance of any
particular figure is given immediately to its right.

** Significant at the 1% level of confidence.
If no stars are present the difference is non-significant.
Missoula plants in the cold environment set a bud between 60
and 90 days. The effect is discussed in the text.

In Table 14 the same differences are expressed as per-

centages of the average dry weights of the component. This permits

easier comparison of the relative effect of environment on different

plant parts.

Most climatic responses which have been investigated show

continuous variation and therefore are believed to be under the

control of numerous genes with approximately equal effect (67,

p. 78-79). If such is true it would certainly apply to dry weight
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Race
(Corvallis

minus
Missoula)

Pretreatment
(18°/4°C

minus
36°/Zl°C) Interaction

Cotyledon stage
Needles 0. 3 (1) -0. 9 0.3
Stems -0. 1 -2. j*': 0. 1
Roots 0. 5** -0. 7** 0. 1
Whole plants 0. 7 -3. 7** 0. 5

55 days of age
Needles 3. 5 28. 1** 14. 5**
Stems 2. 4** 2. O' 2. 6**
Roots 5. 9** 3 7** 5 3**
Whole plants 11. 8** 33. 8** 22 4**

100 days of age
Needles (2) 31. 7** 90. 7** -0.3
Stems 2.3 -0.9 6.7**
Roots 1. 1 54. 1** 14. 9**
Whole plants 35. 1** 143. 9** 21. 3**



Table 14. Average differences in dry weight of Douglas-fir
seedlings due to race, growth temperature, and interaction at
three ages. Differences are expressed as percentages of the
average dry weight of the component. The level of significance of
any particular figure is given immediately to its right. See text
for further explanation.

** Significant at the 1% level of confidence.
If no stars are present the difference is non-significant.
Missoula plants in the cold chamber set a bud between 60 and
90 days. The effect is discussed in the text.

accumulation. Polygenic control results in production of a similar

phenotype by many different combinations of genes. If the popu-

lation is transferred to an environment to which it is not adapted

(in this instance because of high temperatures), considerable

genetic variation among the individuals is revealed (17, p. 392).

This is because certain individuals will carry alleles which are

temperature sensitive (or their products are) and the growth of

79

Race
(Corvallis

minus
Mis soula)

Pretreatment
(18°/4°C

minus
36°/21°C Inter action

Cotyledon stage
Needles 2.1 (1) -6.3 2.1
Stems -1.3 -27.8** 1.3
Roots 6. 1** -8. 6** 1.2
Whole plants 2. 7 -14. 2 1. 9

55 days of age
Needles 4.6 36.7** 18.3**
Stems 13. 8** 8. l** 10. 5**
Roots 16. 7** 10. 5** 12. 2**
Whole plants 8. 6** 24. 7** 15. 2**

10() days of age
Needles (2) 22. 9** 65. 3** -2.2
Stems 4.7 -1.9 l3.8**
Roots 1. 0 50. 0 13. 8 **
Whole plant 11. 8** 48. 5** 7. 2**



cold chamber environment, increased the coefficient of variation

of Missoula seedlings more than Corvallis seedlings. This was

true, surprisingly enough, even at 100 days of age when the coef-

ficient of variation of Missoula seedlings in the cold chamber was

probably increased because plants set a bud over a period of about
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these individuals wiii be affected by temperature first. As the

development of individuals of a race is differentially depressed by

a more stringent environment, the standard deviation expressed as

a percent of the mean will be increased. By extrapolation, this

implies that the more unsuitable the climate, the more the genetic

variation will be increased.

Based on this reasoning, if hot chamber environment is

more unfavorable for Missoula seedlings than for Corvallis seedlings,

not only should the former show more depressed growth, but they

should also show a larger coefficient of variation. When coefficients

of variation associated with pretreatment were determined for

total plant dry weight of the two races, this was found to be the case

(Table 15). At all ages the hot chamber environment, vis-a-vis the

Table 15. Coefficients of variation for plant dry weight of two
races grown to three different ages in two temperature
environments.

Race:
Age Environment:

Corvallis
l8°/4°C 36°/21°C

Missoula
18°/4°C 36°/2l°C

Cotyledon stage 18.5% 17.3% 14.2% 16.7%
55 days of age 14.9 15.4 11.1 16.1
100 days of age 18.8 21.7 17.7 22.5

Average 17.4 18.1 14.3 18.5



30 days, some at the beginning of that period, some toward the

end. This is further indication that Missoula plants are more

sensitive, on the average, to 36°/2l°C growth temperature than

are Corvallis plants.

Following this lead, the one analysis of photosynthetic rates

that showed race -pretreatment temperature interaction, namely

that of 100-day-old plants, was tested to see if the coefficients of

variation would follow a similar pattern. They did not. Perhaps

this was due to the fact that there were fewer photosynthetic mea-

surements than dry weight measurements and the variance was not

as accurately estimated. That this might be so is indicated by the

observations that there seem to be strong non-genetic components

of variability in photosynthetic measurement, even under highly

controlled conditions (100, p. 282).

Relationship between dry weight increment
and photosynthetic rate

Preceding sections drew attention to two puzzling elements.

According to the growth curves (Figures 19 and 20), there is a

pronounced sensitivity to high growth temperatures, increment in

this environment being considerably less than that in cooler con-

ditions. Second, there is a noticeable racial differential in sensiti-

vity to high temperature environment, growth of Missoula seedlings

being the more depressed. Yet, through the entire 100 days that

seedlings were allowed to develop, all material from the hot

chamber, when taken out and measured under the same conditions
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as plants from the cold chamber, assimilated more rapidly than the

latter (Figure 2). Further, seedlings transferred for a short period

from one chamber to another, and then measured, behaved as if

they had spent their entire life in the latter chamber (Table 11).

What might be the cause of this apparently strong inverse

relationship between rates of growth and net photosynthesis of plants

raised at two different temperatures? Dark respiration was not

measured at the night growth temperatures, but extrapolation of

the curves in Figure 15 to the proper temperatures (4°C in the cold

chamber and 21°C in the hot) showed that differences in nocturnal

rates could account for only a minor portion of the inverse relation-

ship.

Other than night respiration, all rate measurements were

made under identical conditions, and it therefore seemed that only

internal plant factors could be invoked to explain the growth and

assimilatory rate differences. The internal plant factors could

either be integral parts of the photosynthetic apparatus (i.e.

physical structure of the chloroplast and its parts, or chlorophyll

concentration), or they could be other features of the plant's

metabolism which were less intimately associated with the photo-

synthetic apparatus.

It was eventually reasoned that differences in photosynthetic

rate, particularly with respect to pretreatment effect, were

probably associated with differences in relative growth rates or

meristematic activities of different parts of the plant. But before

that evidence is presented several other possibilities will be



discussed.

First, turning to factors intimately associated with the

photosynthetic apparatus, important differences in the structure of

the chioroplasts of plants from the two environments were largely

ruled out because of the ready reversibility of the rate when plants

were moved from one chamber to another (Tables 11 and 12). How-

ever, investigation of chioroplast structure was beyond the scope

of the study, so reversible pretreatment effects on it remain a

possibility.

It seemed somewhat more likely that chlorophyll formation

might have been seriously retarded in plants raised at 18°/4°C (45,

p. 621; 88, p. 269-270), and that this inhibited CO2 assimilation of

cold chamber pretreated plants. Therefore, foliage from 55- to

65-day-old plants from both growth chambers was analyzed for

chlorophyll content to determine if a limiting concentration was

obvious. Results (Table 16) showed a definitely higher concen-

tration in needles of plants grown in the 36°/21°C environment,

and one was inclined to use this difference as the explanation for

the differences in photosynthetic rates (for example, see 47, p.

240).

However, when other studies are analyzed it seems that

chlorophyll concentration alone is very seldom a limiting factor in

photosynthesis (74) except in weak light (27, p. 36) or at quite low

chlorophyll concentrations (27, p. 35; 70, p. 429; 83). In fact,

only under certain very highly controlled conditions can the rate of

photosynthesis be shown to be a smooth function of chlorophyll
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content (23, p. 619; 49), and even here equal amounts of chloro-

phyll do not produce equal rates of photosynthesis when one set of

cultures is compared with another.

Table 16. Chlorophyll content in milligrams of chlorophyll/gram

84

Further, in the present material, the cold chamber seedlings

are also less efficient on a chlorophyll basis, assimilating at a rate

of 2. 2 milligrams CO2/milligrams chlorophyll/hour as against 2.6

for plants from the hot chamber. Both rates appear to be quite

low when compared with certain other plants (31, p. 250) none of

which, unfortunately, are conifers. For all these reasons it was

concluded that chlorophyll concentration was not significantly

limiting under the measurement conditions used.

Another plant factor which might have affected the rate of

photosynthesis was the carbohydrate level, Attention was first

focused on this when it was observed that photosynthetic rates and

respiratory rates were negatively correlated when hot and cold

chamber seedlings were compared. This suggested that

dry weight of foliage of 55- to 65-day-old seedlings. Each figure
is based on four or five determinations.

Treatment Chlorophyll content (range)

Cold chamber
Corvallis 3. 1 (2.8 - 3. 7)
Missoula 3.7 (3.0 -4.6)

Average 3.40

Hot chamber
Corvallis 4,2 (3.7-5.1)
Missoula 4.9 (3.4- 6.3)

Average 4. 55



85

accumulation of "photosynthate", presumably near the site of

photosynthesis, might be inhibiting further photosynthesis (56,

p. 542; 62; 82; 92, p. 159). When tissue from 55- to 60-day-old

plants was analyzed to determine if there was a differential accumu-

lation of carbohydrate following the two pretreatments, the results

showed a pronounced accumulation of starch, but not of sugar, in

needles of plants in the colder growing conditions (Tables 7 and 8).

Iowever, the view that accumulation of "photosynthate" necessarily

Ie;ids to an increase in photosynthesis has apprently not been com-

pletely accepted anyway (57). It has been suggested that a raised

level of "photosynthate" will not inhibit assimilation as long as it

is drained off for growth at an uninhibited rate. But if growth is

also inhibited then photosynthesis too soon becomes affected (79,

p. 332). In other words, it has been hypothesized that, under a

certain set of conditions, the rate of assimilate removal from a

pool is what influences the rate of photosynthesis, not the size of

the pool itself.

With reference to removal of the products of photosynthesis,

one is inclined to suspect translocation rate and/or growth rate at

some point removed from the photosynthetic organ as the controlling

factor in determining photosynthetic rate. Again, this has not been

an unchallenged view (33; 61; 80), but it has acquired a considerable

a cx ount of support. First, there are indications that outflow of

assimilate from the leaf blade can be enhanced by addition of energy

in Jie form of ATP (55). Second, and more pertinent to the present

study, are investigations which show that removal of "photosynthate"
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is accelerated by addition of energy in the form of heat at locations

along the conducting system. With one exception (103, p. 195-196)

the rate of translocation has always been found to be directly corre-

lated with the temperature of the conducting tissue, that is, petiole

or stem (18; 39; 102, p. 392).

Thus, in the present study, it could be hypothesized that

translocation proceeds at a more rapid rate in the hot chamber,

compared to the cold, and assimilation is therewith enhanced.

However, if just trans location in the needle or epicotyl were

regulating the rate of assimilation one would expect to observe a

rather abrupt and strong increase in photosynthesis with an early

leveling off when plants were taken from the cool growth chamber

and put into a warm temperature for measurement. This was not

observed with the Douglas-fir seedlings.

On the other hand, if trans location is not limited at any

point along the conducting system itself, then the rate of trans-

location may be defined by the activity of some distant meristem

(22). A. number of examples are available of particular treatments,

such as daylength (72; 109), light intensity (7, p. 389-391; 10, p.

207), soil temperature (26; 103), aeration (42), auxin (42),

gibberellic acid (1), and removal of reproductive organs or very

active "sinks't (97) which increased the meristematic activity of

non-assimilating tissue more than assimilating tissue. In all cases

cited the rate of CO2 uptake or of net assimilation was intensified.

In the present study it would have to be assumed that non-needle

meristematic activity was relatively greater in the hot chamber
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seedlings and this in turn accelerated photosynthesis. (Root

respiration rates would be of value in helping to support this

assumption, but they are not available.)

Whether translocation rate determined, or was determined

by, the intensity of stem and root growth could not be distinguished

with the data. But relative development of needle and non-needle

tissue in the two chambers could be compared with photosynthetic

rates. There was one difficulty, however, in making this compari-
son. The measured photosynthetic rate was basically a reflection

of what was occurring in the plant at the time of measurement,

whereas the non-needle to needle ratio was a reflection of the

average rate of increment since the time of last measurement.

What growth distribution was on the day of weighing could, there-

fore, only be approximated. When this was done and the approxi-

mation compared with the photosynthetic rate (Table 17), it appeared

to substantiate the premise that other things, such as age, being
equal, the rate of photosynthesis was directly correlated with the

intensity of non-needle growth. That is, the higher the non-needle

to needle ratio, the higher the rate of photosynthesis. This then

apparently offered at least a partial explanation for two of the

observations: 1) in most investigations, but not this one, it has
been found that high growth temperatures depress photosynthesis
and 2) in this study high growth temperature depressed growth but
not photosynthetic rate. This is because non-needle meristematic

activity of Douglas-fir seedlings in the hot chamber was not in-

hibited to the same extent as was needle growth. As a result, unit



rate of photosynthesis ramained high.

Table 17. Relationship between relative non-needle increment and
gross photosynthetic rate. Relative non-needle increment is ex-
pressed as the dry weight accumulatidn of root and stem tissue for
a certain period divided by the mid-period dry needle weight.
Gross photosynthetic rate is the average of the rates at 20°C and
27.5 C.
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Treatments Relative non-
needle growth

Gross photo-
synthetic rate

Increment from planting
to 18 days of age:

Cold chamber 1.49 (1) 28.7
Corvallis 1.50 29. 7
lVlissoula 1.48 27. 6

Hot chamber 1.78 35. 15
Corvallis 1. 78 37. 6
Missoula 1. 78 32.7

Increment between 18
and 55 days of age:

Cold chamber 0. 90 11. 45
Corvallis 0. 95 11.7
Missoula 0.85 11.2

Hot chamber 1. 28 14. 1
Corvallis 1. 33 13.8
Missoula 1. 22 14.4

Increment between 55

1. 49 is the average of the two figures immediately below and
to the right.
Plants on which this figure is based set a bud between 55 and
100 days. See text associated with Figures 19 and 20 for a
discussion of the effect on plant growth.

and 100 days of age:
Cold chamber 0.86 9. 95

Corvallis 0.69 9.7
Mis soula 1.03 (2) 10.2

Hot chamber 0.88 10.45
Corvallis 0.80 11.3
Mis soula 0. 97 9. 6
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In this study there was no evidence that racial differences

in rates of net photosynthesis could be associated with racial differ-

ences in needle:non-needle ratio. But then there were essentially

no genetic differences in either factor until the Missoula plants went

dormant in the cold chamber.

However, a very recent investigation of two other races of

Douglas-fir, one from the west side of the Coast Range in Oregon

and the second from Northeastern Washington, has shown that

seedlings of these strains have quite different top:root ratios when

grown under greenhouse conditions (106). Plants from Northeastern

Washington have a considerably smaller proportion of top (106, p.

15) and, coincidently, a significantly higher average rate of net

photosynthesis at 20°C and saturating light intensity (106, p. 26

28).

There was a second peculiarity referred to earlier, which

concerned the racial difference in sensitivity to high growth tempera-

ture with respect to dry matter accumulation. Already by 55 days

of age growth of Missoula seedlings in the hot chamber was being

considerably more depressed than was growth of Corvallis seedlings.

This depression was not observed in photosynthetic rate until the

100 day measurement (Figure 10). One again wonders why. It

does not appear that racial differences in non-needle production

are involved (Table 17, particularly the section under ITlncrement

between 55 and 100 days of agel?).



A similar situation was reported for Chiorella pyrenoidosa

(99). Cells placed under conditions of high temperature first

showed reduced growth and only later reduced photosynthesis.

No explanation is available for this sequence.
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SUMMARY AND CONCLUSIONS

Douglas-fir seedlings of two diverse geographic origins in

the Northwestern United States were grown under two temperature

regimes. Subsequently, their photosynthetic and respiratory rates

at various temperatures and their dry weight increments were

analyzed at three ages. The two temperature regimes for growth

were chosen to be, 1) near the presumed optimum or below, and

2) considerably above the optimum.

Results of carbon dioxide exchange measurements supported

the following conclusion: racial differences in photosynthetic rate

are vary small indeed. In some regards the differences between

races were no greater than the differences among a limited sample

of progenies within one of the races. Previous work with Douglas-

fir seedlings grown under more optimum temperatures led to the

same inference (53, p. 35). Most studies of higher plants have

indicated somewhat more diverse "photosynthetic races" (see

Review of literature).

Significant racial differences were observed in the cotyledon

stage or in interactions with other treatment effeqts. Corvallis

plants photosynthesized considerably faster in the cotyledon stage

than did Missoula seedlings. But this may have been a maternal

effect because the difference disappeared by 55 days of age. How-

ever, because it disappeared, there was a highly significant race-

age interaction: the assimilation rate of Corvallis seedlings dropped

considerably more between the first two measurement ages than
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did the rate of Missoula seedlings.

At both cotyledon stage and 55 days there were highly

significant race -measurement ternperature interactions in photo-

synthetic rates, rates of Missoula seedlings being less depressed

at high measurement temperatures than rates of Corvallis seedlings.

At 100 days of age there was a highly significant race-pretreatment

temperature interaction. Missoula seedlings grown in the hot

chamber assimilated more slowly than Corvallis seedlings. At the

preceding age rates of hot chamber plants had been approximately

the same.

Racial differences in respiration were even smaller than

those in photosynthesis. At the cotyledon stage there was a race-

pretreatment temperature interaction: Corvallis seedlings from the

cold chamber respired faster than lVlissoula seedlings, but when

hot chamber plants were tested the order was reversed. At 55 days

of age coastal seedlings had a slightly, but consistently, more rapid

rate of respiration than inland seedlings. No other racial differ-

ences in respiration were found at any age.

The longitudinal sampling of races made here and for

investigations by Krueger (53) and Zavitkovski (106) support a

hypothesis that intraspecific variation in photosynthesis and

respiration is very slight in Douglas-fir. Whether this truely

applies to the entire species range will have to await more sampling,

particularly to the south.

When growth in the form of dry matter accumulation was

analyzed, some rather strong racial differences were observed.



These were primarily expressed as race-environment inter-

actions. Both races developed similarly in the l8°/4°C environ-

ment, but in 36°/2l°C conditions growth of Corvallis seedlings was

significantly more vigorous than that of Missoula seedlings. This

was particularly noticeable in needle increment, but also in root

increment after 55 days.

It had originally been reasoned that if racial differences

appeared in a cumulative process such as dry matter increment,

it should be possible to anticipate them by prior measurement of

the processes of photosynthesis or respiration. But just the

opposite was true. Although the growth rate of Mis soula plants

in the hot chamber (relative to Corvallis seedlings) was obviously

depressed by 55 days, the unit rate of photosynthesis decreased

only at 100 days, and respiration not even then.

Certain aspects of the investigation were not necessarily

associated with genetic differences. The normal decrease of

respiratory and net photosynthetic rates with age was recorded.

Respiratory rate continued to drop up to 100 days of age; photo-

synthetic rate had leveled off at 55 days. The point of the tempera-

ture optimum for net photosynthesis increased with age with most

of the increase coming between the cotyledon stage and 55 days of

age.

Pretreatment temperature had a strong effect on tempera-

ture curves for net photosynthesis and on average rates of both

net photosynthesis and respiration. Temperature optimum and

upper -temperature -compensation point for net photosynthesis were
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four to seven degrees higher for plants from the 360/2 10 pre-

treatment.

Average photosynthetic rates were about 65% higher for

plants raised in the hot chamber; average respiratory rates were

about 100% higher for seedlings grown in the cold chamber. At all

three ages there was a high negative correlation between gross

photosynthetic and respiratory rates. Also, when plants transferred

from one chamber to another were tested, it was found that after

only ten days in the latter chamber the photosynthetic and respira-

tory rates were practivally equivalent to the rates of seedlings

which had spent their entire lives in that chamber.

This indicated that accumulation of Hphotosynthatefl might

be implicated in the high respiratory rates and low photosynthetic

rates of cold chamber plants. Carbohydrate determinations made

on 55-day-old seedlings showed foliage of plants from the 18°/4°C

environment to contain over twice as much starch as needles of

hot chamber plants. Sugar content was roughly the same in plants

from both chambers. It was concluded therefore that carbohydrate

level was only a partial explanation for the rate differences.

Although unit rate of photosynthesis in hot chamber plants

was enhanced relative to cold chamber plants, growth (dry weight

increment) was depressed. An attempt was made to explain this

seeming paradox based on the observation that needle increment

in the hot chamber was depressed more than non-needle increment.

This was discussed in detail in the section relating dry weight

increment to photosynthetic rate.
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Such results (high rates of net photosynthesis and small

seedling size in the hot chamber relative to the cold) strongly

emphasize the need for caution in interpreting unit net photo-

synthetic measurements. Even though measured unit rates of a

certain race or following certain treatments are high, unless the

?IphotosynthateH is used in vigorous production of new photosynthetic

tissue, benefits of the high unit rate will be short lived.

Because pre -measurement temperature regime has a strong

influence on temperature curves and average rates of CO2 exchange,

the results also emphasize the need for rather strict control of

growth temperature when effects of other treatments on photo-

synthesis and respiration are being studied. Blackman and Wilson

(7, p. 76-77) have pointed out need for similar control with respect

to light intensity.
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APPENDIX



1 Fe-DTPA is the iron salt of Diethylenetriamine pentacetic acid
(Sequestrene 330, Giegy Chemical Company).
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Table 18. Composition of the nutrient solution. All concentrations
are molar.

Ca(NO3)2. 4H20 1.25x

KN 03 1.25x

NaH2PQ4. 4H20 2.50 x

NH4C1 5.00 x 10

MgSO4. 7H20 5.00 x l0

(NH4)2M 004 3.90x i08
MnCl2. 4H20 2. 28 x io6
ZnSO4 1.91 x

CuSO4. 5H20 8.00 x

H3B03 2.50 x 10

Fe-DTPA' 2.00 x l0



Electrical connection

Flow of gas

- Flow of water (temperature control)

Figure 21. Diagram of apparatus used to measure uptake or
evolution of carbon dioxide by Douglas-fir seedlings. See p. 109
for number legend.
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Figure 21 (continued). Legend.

Light source (single Radiant 1200 watt Hi-Spot bulb).

Thin sheet of frosted glass to increase the diffusion of the light.

Water bath of about 4. 5 centimeter depth to absorb light in the
infrared region. A pane of high silica content glass served as
the floor of the water bath.

Cuvette containing plant. A baffle placed in front of the gas
inlet t0 the cuvette helps to more evenly distribute the air
stream.

Plastic pot containing the roots of the plant.

Relative humidity detector and amplifer (American Instrument
Co., Electric Hygrometer Indicator, A. C. type, with broad
range element).

Dessicants (CaC12 and Mg(C104)2) to remove water vapor be-
fore the gas passes through the analyzer.

Infrared gas analyzer and amplifier (Beckman model 15a
Liston-Becker).

Recorder for CO2 concentration (Minneapolis-Honeywell,
Brown Instrument Div. , model 153x12 Electronik).

Air flow meter (Manostat Corp., model G-9144-B).

Water bath with heating and cooling units for temperature
control.

Peristaltic pump (Randolph Co., model 500).

Acidified water (10% H3PO4) to restore humidity before the
air passes over the plant.

Cuvette temperature detector (a thermocouple placed under a
small aluminum shield inside the cuvette) and recorder.

Rubber tubing for water circulation. Water circulates around
cuvette in copper coils.

Air flow tubing. All glass except at connections where tygon
is used and going through the pump where latex surgical tubing
(Rubber-Latex Products, Inc. , No. 202) is used.



Table 19. Analysis of variance of net photosynthetic rates of 55-
day-old Douglas-fir seedlings from the Pacific Coast (Corvallis
and Vancouver Island) and from the Northern Rocky Mountains
(Missoula and Alder, Montana). The differences between treat-
ments and interactions are based on the averages of the races.

** Significant at the 1% level of confidence.
NS Non-significant.
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Sources of variation D.F. Mean squares F-values

Geographic areas (G) 1 9. 54 2. 82 NS

Pretreatments 1 341.07 101.04 **
GxP 1. 0.03 Q01NS
Temperatures 2 93.06 27.57 **
GxT 2 5.08 1.5ONS
P x T 2 34. 56 10. 24 **
GxPxT 2 1.95 0.58NS
Error 12 3.38



Table 20. Analysis of variance of net photosynthetic rates of
three Douglas-fir progenies from the Missoula source at the three
different ages (cotyledon stage, 55, and 100 days).

** Significant at the 1% level of confidence.
* Significant at the 5% level of confidence.

NS Non-significant.

lii

Sources of variation D.F. Mean squares F-values

Ages 2 1,378.98 1,657.29 **
Progenies (Pr) 2 18.86 22.67 **
AxPr 4 8.28 9.94*
Pretreatments 1 419.41 523.43 **
AxP 2 83.35 1O0.l4*':
Pr x P 2 4. 14 4, 96 **
AxPrxP 4 2.44 2.93**
Temperatures 2 139. 76 167. 96 **
A x T 4 42.42 50.98 **
PrxT 4 1.32 1.58NS
P x T 2 21.23 25.51 **
AxPrxT 8 0.87 1.O8NS
AxPxT 4 4.18 5.01**
PrxPxT 4 1.18 L41NS
AxPrxPxT 8 2.04 2.45*
Error 162 0.83



** Significant at the 1% level.
* Significant at the 5% level.

NS Non-significant.

Table 22. Analysis of variance of Douglas-fir progenies from
three different parent trees of the Missoula source at 100 days
of age.

** Significant at the 1% level.
* Significant at the 5% level.

NS Non-significant.
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Table 21. Analysis of variance of Douglas-fir progenies from
three different parent trees of the Missoula source at the
cotyledon stage.

Sources of variation D.F. Mean squares F -value

Progenies (P) 2 32.50 17.62 **
Pretreatments (Pt) 1 443.04 240. 21 **
P x Pt 2 7.83 4. 25 *
Temperatures (T) 2 174.63 94. 68 **
PxT 4 1.98 1.08 NS
Pt x T 2 11.52 6. 25 **
PxPtxT 4 4.07 2.21 NS
Error 54 1.84

Sources of variation D.F. Mean squares F-value

Progenies 2 0.00 0.00 NS
Pretreatments 1 7. 80 10. 62 **
PxPt 2 0.19 0.26 NS
Temperatures 2 10.82 14. 73 **
PxT 4 0.46 O. 63 NS
PtxT 2 3.60 4. 90 *
PxPtxT 4 0. 52 0.71 NS
Error 54 0. 73



Significant at the 1% level of confidence.
NS Non-significant.

113

Table 23. Analysis of variance of respiratory rates of Douglas-
fir seedlings from Corvallis and Missoula for all ages, races,
pretreatments, and measurement temperatures. The F-values
and significance statements are given for those sources of variation
which include age.

Sources of variation D.F. Mean squares F -values

Ages 2 96.81 538. 67 **
Races 1 0.05
AxR 2 0.48 2.68 NS
Pretreatments 1 93.20
AxP 2 13.76 76. 55 **
RxP 1 1.86
AxRxP 2 0.90 5.00 **
Temperatures 2 52. 76
AxT 4 6.30 35.01 **
RxT 2 0.00
PxT 2 5.22
AxRxT 4 0.05 0.30 NS
AxPxT 4 0.33 1.83 NS
RxPxT 2 0.22
Error 143 0. 18



Table 24. Analysis of variance of respiratory rates of Douglas-
fir seedlings of two races in the cotyledon stage.

Table 25. Analysis of variance of respiratory rates of Douglas-
fir seedlings of two races at 55 days of age.

** Significant at the 1 % level.
NS Non-significant.
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Source of variation D. F. Mean squares F-value

Races (R) 1 0.18 0.46 NS
Pretreatments (P) 1 85.27 214.03 **
RxP 1 1.93 4.84*
Temperatures (T) 2 26.06 113.61 **
RxT 2 0.26 0.65NS
P x T 2 2.37 5.95 **
RxPxT 2 0.94 2.36N5
Error 48 0.40

Source of variation D. F. Mean squares F-value

Races 1 0.27 3.69NS
Pretreatments 1 19. 71 270. 19 **
RxP 1 0.06 0.81NS
Temperatures 2 11.87 162,62 **
RxT 2 0.04 0.52NS
P x T 2 1.89 25.87 **
RxPxT 2 0.04 0.5ZNS
Error 48 0.07

Significant at the 1% level.
Significant at the 5% level.

NS Non-significant.



** Significant at the 1% level.
NS Non-significant.
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Table 26. Analysis of variance of respiratory rates of Douglas-
fir seedlings of two races at 100 days of age.

Source of variation D. F. Mean squares F-value

Races 1 0.004 0. 12 NS

Pretreatments 1 6.390 257.95 **
RxP 1 0.046 l.89N5
Temperatures 2 4.750 191.82 **
R x T 2 0.002 0.08 NS
P x T 2 0.561 22.63
RxPxT 2 0.038 1.54NS
Error 48 0.025



Table 27. Analysis of variance of respiratory rates of 55-day-old
Douglas-fir seedlings from the Pacific Coast (Corvallis and
Vancouver Island) and from the Northern Rocky Mountains
(Missoula and Alder, Montana). The differences among treat-
ments and interactions are based on the averages of the races,

** Significant at the 1% level of confidence.
* Significant at the 5% level of confidence.

NS Non-significant.
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Sources of variation D.F. Mean squares F-values

Geographic areas 1 0.0753 8.96 *
Pretreatments 1 8.9042 1060. 02 **
GxP 1 0.0242 2.88 NS
Temperatures 2 4. 7881 570. 01 **
GxT 2 0.0177 2. 11 NS
PxT 2 0. 5053 60. 15 **
GxPxT 2 0. 0067 0.80 NS
Error 12 0. 0084



Table 28. Respiratory rates at three temperatures of 55-day-old
Douglas-fir seedlings from Corvallis and Missoula. Rates ex-
pressed as milligrams CO2 evolved per hour per gram needle dry
weight and per milligram of needle nitrogen.
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Pretreatment Race Temperature

Per gram
needle
dry

weight

Per
milligram

needle
nitrogen

36°/2l°C

180/4°C

Missoula

Corvallis

Missoula

Corvallis

20°C
27. 5°C
35°C

020C
27. 5°C
35°C

20°C
27. 5°C
35°C

020C
27. 5°C
35°C

0. 98
1.86
2.23

1. 15
2.17
2.57

2,00
3 11
5.02

2.05
3.46
4.92

0.53
1. 00
] 21

0.81
1.53
1.81

1.45
2.25
3.64

1. 58
2. 66
3. 78




