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Net photosynthesis was measured for photosynthetic light 

efficiency and capaci_ty_ on two-year-old plants from eight dif-

ferent seed sources in three measurement-periods. The measure

ment periods corresponded to the physiological periods 1) prior 

to bud swelling, 2) after needle elongation, and 3) pre-

dormancy 0 Measurement period differences in both photosynthetic 

efficiency and capacity were apparent. The pre-bud swelling 

period had the lowest capacity and efficiency, the pre-dormancy 

period had the highest capacity and efficiency, and the 

intermediate period was between the two other periods in 

capacity and efficiency. 

Seven seed sources from regions within the Rocky 

Mountains and one hybrid of Coastal X Arizona origin represented 

populations from which seedlings were raised and measured. 



There were no apparent differences with respect to seed-source 

photosynthetic capacityo There were seed source related 

differences in photosynthetic light efficiencyo 'The seedlings 

from the northern Rocky Mountain seed sources had a greater 

light efficiency than those from the souther.n- Rocky Mountains. 

These differences in photosynthetic light efficiency may'be 

linked to summer drought adaption. 

The Lambert-Beers law type light intensity correction is 

promising in achieving a better estimate of photosynthetic light 

efficiency. This light intensity correction is based on 

the individual plant's morphology. needle number, needle 

length and needle area. Stomatal conductance was an important 

covariable in photosynthetic capacity. The light 

intensity correction and stomatal conductance accentuated 

seedling differences. This accentuation is viewed as the 

plant I s adapting to the give n se t of condi tions in the growing 

environment with physiological responses as well as develop

mental and/or morphological responses. 
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GEOGRAPHIC AND SEASONAL VARIATION IN PHOTOSYNTHETIC 
EFFICIENCY AND CAPACITY OF ROCKY MOUNTAIN 

DOUGLAS-FIR, PSEUDOTSUGA 
MENZIESII VAR. GLAUCA 

INTRODUCTION 

Frequently descriptive statements about genetic research 

on Douglas-fir refer to its wide range of distribution north to 

south. These statements are used to convey the concepts of 

heterogeneity and diversity that are visually apparent to the 

authors. Adaptations have occurred. This adaptation reflects 

the niche where the organism exists and reflects to some extent 

the adaptive strategy of the population as it is determined by 

the environment from distant as well as recent history. One 

approach toward understanding adaptation is to study combinations 

of characters which may be metabolic and/or developmental and 

the shaping of these combinations by the environment. 

Dr. Helge Irgens-Moller and I sought to study the 

physiological variation inherent within and between populations 

of Douglas-fir to better understand adaptation within this 

species. Apparent net photosynthesis was chosen as the physio- 

logical variable because it controls the carbon input into the 

ecosystem, and it is easy to measure. From the onset the primary 

purpose was to determine what metabolic and/or developmental 

combinations are important in influencing the variation of net 

photosynthesis in Douglas-fir. Mutual shading and stomatal 



conductance were two of the most obvious character factors. 

Understanding them, net photosynthesis, could be used as an 

evaluation tool for selection and juvenile-mature tree 

correlations. 
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LITERATURE REVIEW 

Mutual Shading 

The recognition of the importance of mutual shading is 

not new; Kramer and Decker (1944) and Kramer and Clark (1947) 

made early mention of this phenomenon. Mutual shading produces 

differential light absorption by the leaves. or needles of a 

plant. This concept has been recognized but largely ignored. 

Mutual shading is a function of leaf distribution, and 

its significance lies in its effect on photosynthesis. Much of 

what is known about leaf distribution has been discovered from 

studies of agricultural crops composed of monotypic stands, which 

are the least complex to manipulate and describe experimentally. 

Moni and Saeki (1953), Loomis et al. (1967), and Ondok (1973) 

measured the vertical distribution of leaf area index and 

illumination profiles in a number of different communities. 

From their observations they developed a theoretical model of 

light extinction of photosynthetically active radiation (PhAR) 

at solar noon in a stand which follows Lambert-Beers Law: 

I = 
oe-kl 

I 

where I and 
Io 

refer to the illumination on a horizontal surface 

within and above the plant stand, respectively; k is the 

extinction coefficient; and 1 refers to the leaf area index. 

Lambert-Beers Law assumes a homogeneous media and usually 
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monochromatic light. Many diverse communities fit this model 

surprisingly well, especially if consideration is given to sky- 

light and scattered diffuse light. 

Niilisk et al. (1970) measured the spectral changes within 

plant communities. In the PhAR region the leaves of a stand act 

essentially as a black body with coefficients of absorption for 

PhAR of 0080 to 0.90. The total light flux decreases 

exponentially with depth. Most short wave radiation is trans- 

ferred by direct solar radiation. Diffuse skylight contributes 

significantly to blue light in the upper layers of the community. 

Complementary, (scattered light) radiation fields are significant 

in the near infra-red. With depth of canopy penetration, 

direct radiation decreases, blue diffuse light decreases, and 

total light decreases all at about the same rate. The spectral 

modifications within a community can be assumed to be small 

relative to the total flux. Loomis et al. (1967) found that 

intersity change with depth of canopy is the major controlling 

factor over stand photosynthesis. 

Stand architecture influences the instantaneous rate of 

photosynthesis by affecting the mean and variance of PhAR 

absorbed (Nilson 1968). The time variability of light intensity 

may be relatively slow due to seasonal and daily course of 

radiation or be very fast due to leaf flutter and sun-flecks 

(Niilisk et al. 1970). The photosynthesis of many communities 

occurs primarily in the linearly increasing portion of the photo- 

synthetic irradiance response curve (Connor and Cartledge 1971). 
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For that reason agriculturalists have analyzed stand architecture 

to determine its influence on crop yield. 

For example, Watson and Witts (1959), comparing wild and 

cultivated beets, showed that net assimilation rates were similar, 

but the wild beet was less productive in dense stands presumably 

at least in part due to a more horizontal leaf habit. Computer 

simulations have also shown the importance of erect leaf habit in 

increasing mean PhAR absorbed with high density plantings and 

high community net photosynthesis at high leaf area indices 

(Loomis et al. 1967). Kallis and Tooming (1974) contributed 

further data suggesting a leaf area index and stand structure 

which optimizes the community photosynthesis. Specific leaf 

_ weight, (leaf dry weight/leaf area) and leaf area index are 

closely related. Increased specific leaf weight is correlated 

with more erect leaves and greater yield, while low specific leaf 

weight, having more area per unit weight, often has higher 

photosynthetic surface, reduced yield, and less community 

photosynthesis at high leaf area indexes. Therefore, high 

density planting with erect leaf habit should have less mutual 

shading and greater yield. Selection for more erect leaf habit 

is in progress with rice and millet (Loomis et al. 1967). 

As. stated earlier, the community architecture is 

important in determining the mean and variance of PhAR absorbed 

at a given leaf area index in crop communities. However, 

measuring net photosynthesis of a conifer is usually conducted 

on only a portion of a plant encompassed within an assimilation 
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chamber, exposed to some source of direct light. Since these 

measurements are conducted on aggregates of needles, mutual 

shading assuredly occurs. Various attempts have been made to 

estimate this effect. Using seedlings of two species of oak and 

Loblolly pine, Kramer and Decker (1944) showed differences in 

photosynthetic light saturation to direct light between the oaks 

and pine. The oaks became light saturated at a moderate light 

intensity, while the pine did not become saturated at light 

intensities as high as 9,300 foot candles. In a later study 

individual Loblolly pine needles were measured at numerous light 

intensities at 25oC (Kramer and Clark 194 7). Individual needles 

reached light saturation at one-third full sunlight, while the 

entire plant was 60 percent .saturated at the same light intensity. 

Zelawski et al. (1973), with a novel assimilation chamber 

designed from a spherical light integrator to provide more uni- 

form omnidirectional illumination to a scots pine seedling, 

provided additional evidence of the effect of mutual shading., 

Using both the standard unidirectional and spherical light 

integrating chambers they showed the effect of increasing needle 

weight on photosynthesis between the two systems (smaller needle 

weight, the less mutual shading). 

Figure 1 shows the results of their experiment with scots 

pine: 



Figure 1. Zelawski's results with scots pine to show photo- 
synthesis-mutual shading effects. 
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The main premise of Zelawski and his co-workers is that multi- 

directional light is like natural diffuse light. However, 

diffuse sky light is directional; complementary scattered light 

is of minor concern in a stand, and normal leaves are not 

illuminated equally on all surfaces in nature. This casts some 

doubt on the practical application of Zelawski's work. 

Zelawski et al. (1973), Zelawski and Nalborczyk (1971), and 

Zelawski and Kinelska (1967) have obtained abnormally high light- 

saturated photosynthetic rates (20 percent to 30 percent higher 

than normally reported). This may be due to the unnatural 

illumination, totally illuminating the entire seedling from all 

directions. However, their results do give an interesting 

portrayal of possible mutual shading effects, and for comparative 

purposes where standard illumination is necessary, their 

procedure has merit. 



In certain plant communities the architecture is respons- 

ible for 20 percent to 30 percent of the variation in photo- 

synthesis at leaf area indexes between two and three and high 

solar angles (Ross 1970). Pope and Irgens-Moller (1973), using 

3 different seed sources of Rocky Mountain Douglas-fir showed 
that certain morphological parameters are statistically respons- 

ible for 30 percent of the variation in the photosynthetic 

response at 60.3 klux and 20°C. They emphasized that the value 

of the unit of measure of 
CO2 

gas exchange is not always the 

same among plants or plant parts due partially to differences in 

the plants' architecture. Their efforts simply removed 

statistically the effect of gross morphological differences to 

achieve a better comparison of net photosynthetic rates between 

dissimilar seed sources. 

How much mutual shading affects the published photo- 

synthetic rates of conifers is difficult to assess. Plant size 

is most often negatively correla4..ed with unit photosynthetic rate 

(Sorenson and Ferrell 1973, Zavitkowski and Ferrell 1970, 

Krueger and Ruth 1969, Pelkonen and Luunkkanen 1974, McGreggor 

et al. 1961, Salo 1974, Helms 1965, Sorenson 1964, Krueger 1963, 

Pope 1973, Hellinga 1974). Photosynthetic variation within 

treatments and/or seed sources is generally large. Different 

metabolic rates of the plants with age and maturity, genotypes, 

and pretreatment compound the mutual shading effects. Mutual 

shading in each instance is mentioned but largely ignored. 

8 



Stomata' Conductance 

Stomatal aperture is regulated by numerous environmental 

factors and complex interactions among them (Heath and Mansfield 

1969, and Meidner and Mansfield 1968). Movements of guard cells 

are generally measured indirectly by water vapor fluxes in terms 

of resistance to transpiration. Resistance to transpiration, 

however, is composed to two resistance components, boundary 

layer and stomatal (Sestak et al. 1971), but since boundary 

layer resistance is considered small and constant in controlled 

measurement environments, changes in resistance to transpiration 

are considered to be a result of guard cell movements. The 

calculation of resistance, rH0 to transpiration is 
2 

r = W. -W /k 
H20 

i a 

where W. and Wa are the absolute humidity inside the stomatal 

cavity at or near the leaf mesopalyll and the absolute humidity 

outside the leaf; E is the calculated transpiration rate 

(Gaastra 1959). The transpiration resistance is multiplied by a 

CO2 diffusion proportionality factor to achieve the leaf CO2 

transfer resistance. However, the CO2 diffusion proportionality 

factor reported in the literature varies from 1.37 to 1.71 

depending on the choice of theory utilized (Gaastra 1959, Thom 

1968, Sestiitk et al. 1971). Adding to the confusion in inter- 

preting absolute resistance values from gas flow measurements is 

the current conventional preference for _resistance to be 

9 
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expressed as its reciprocal, conductance. Absolute comparisons 

of resistance values is difficult but stomatal actions as they 

relate to environmental factors and plant form and their 

implication toward regulating photosynthesis is possible. 

Under light saturating intensities, CO2 diffusion resis- 

tances are found to be rate-limiting processes on net photo- 

synthesis (Chartier et al. 1970, Van den Driessche et al. 1971, 

Dykstra 1974, Wuenscher and Kozlowski 1970, Keller and Tregunna 

1976, Puritch 1970). The stomatal behaviour expressed as CO2 

diffusion resistance might well act as a photosynthetic adapta- 

tion to drought or to shade tolerance. 

Most literature on both transpiration (easily transformed 

to resistance values) and net photosynthesis measurements relate 

to the plant's adaptation to drought. Zavitkowski and 

Ferrell (1970) with seedlings of Douglas-fir from mesic and 

xeric locations found that seedlings from mesic locations have 

less stomatal control than plants from xeric locations. The. net 

result of less stomatal control for plants of mesic parentage or 

mesic pre-conditioning is to maintain a higher rate of net 

photosynthesis in droughtier conditions, thus utilizing water 

less efficiently than xeric forms. Similar results have been 

found with other species ONuenscher-and Kozlowski 1970, 

Wuenscher and Kozlowski 1971, Puritch 1973, Dykstra 1974, Zobel 

1974, Keller and Tregunna 1976, Pereira and Kozlowski 1977. 



Relating leaf CO2 transfer resistance to shade adaptation, 

Keller and Tregunna (1976) with shade and sun pre-conditioned 

seedlings of western hemlock found shade seedling's to react to 

increased light intensity by decreased leaf resistance whereas 

sun forms after an initial decrease in leaf resistance increase 

leaf resistance with increased light intensity. If differences 

in'morphology and water vapor concentration gradients at measure- 

ment time are accounted for, the light saturated photosynthetic 

rate differences between sun and shade adapted plants could 

largely be attributed to leaf CO2 transfer resistance differences. 

Similar results were found by Wuenscher and Kozlowski (1970) and 

Pereira and Kozlowski (1977). 

With Emmingham and Waring's (1977) predictive stand 

photosynthetic model, leaf conductance is an important parameter 

in predicting stand photosynthesis. Day to day changes in 

temperature (major component in force of transpiration as well 

as photosynthesis) and leaf conductance greatly influenced the 

precision of the predicted photosynthesis. Their model is very 

closely correlated to crude stand productivity values (r2=0.99). 



METHODS 

Plant Materials 

Douglas-fir seed for the study was collected in seven 

areas (Figure 2, Table 1) by the United States Forest Service. 

An eighth seedling source, a hybrid, of Arizona X Coastal Oregon 

'seed sources was also included. The seed was stratified by 

. soaking in water for 24 hours, blotted dry, and placed in cold 

storage for two weeks, with the seed evenly dispersed on Pearlite 

in plastic petri dishes. After two weeks of chilling, the petri 

dishes were placed in a growth room until germinants appeared. 

The germinants were planted in one pint soil-filled 

plastic pot's. Previous bad experience with damping-off dictated 

planting four seedlings per pot. The soil was the same as that 

described by Drew (1974). The pots were moved immediately out- 

side to the cold frames of the Oregon State Forest Research 

Laboratory. The pots were arranged in a systematic block design. 

The soil surface was covered with Pearlite to reduce heating of 

the soil surface and to protect the plant from damping-off. The 

pots were periodically fertilized with garden fertilizer and 

watered daily. At the end of the first growing season, there was 

a 20 percent mortality due to damping-off, cut-worms, quail, and 

mice. A mulch of wood shavings was placed between and over the 

surface of the pots for winter protection. Approximately one- 

third of the plants were cold damaged the first winter due to 

abnormally cold weather and wind removal of snow from the 



TABLE 1 

Table of Seed Sources 

North to South 
Location of Seed Source Code Number Elevation 

Spyglass, Idaho 300 1460 in 

Clearwater, Idaho 200 1370 in 

Bitterroot, Idaho 500 2130 m 

Pryor Mts., Idaho 800 2070 m 

Beartooth Mts., Montana 700 2070 in 

Kaibabi Arizona 400 2540 in 

Santa Fel New Mexico 100 2440 in 

Hybrid Coastal Oregon X Arizona 600 
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affected part of the cold frame. Thinning reduced numbers to 

two per pot for a total of 360 pots. 

Measurement Apparatus 

Gas exchange was measured with a Mine Safety Appliance 

infra-red gas analyzer using a 1.64 liter closed system 

(Figure 3). The apparatus consisted of four interlocking 

control systems. 

Cuvette and Light Source 

Throughout the measurement period a cylindrical plexiglass 

cuvette 9.5 cm high and 6 cm in diameter was utilized. CO2 

concentration gradients and boundary layer effects were minimized 

inside the cuvette by maintaining an air flow rate through the 

cuvette of 2.67 1 min-1 and with a 3 cm diameter fan located in 

the side wall of the cuvette. The fan was magnetically driven 

outside the cuvette by a motor rated at 1520 rpm. A plexiglass 

coolant jacket surrounded the cuvette. The plant was inserted 

through a 5 cm hole in the base. 

Developments during the experimental periods prompted the 

design of a new cuvette, spherical in nature. The plan was to 

develop a cuvette that would act as -a light integrator. The 

cuvette was built from two hemispherical sections of plexiglass 

13 cm in diameter. The inside of the plastic was painted with 

white reflective paint over black enamel. A semi-opaque mylar- 

plexiglass window 7 cm in diameter was fitted to the top of the 

15 
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sphere to allow light to enter and to scatter the light within 

the cuvette. The air was mixed within the cuvette by re- 

circulating the air stream at rates of flow higher than that of 

the system as a whole. A cylindrical coolant jacket 

surrounded the sphere. The-plant was inserted through a 5 cm 

hole in the bottom of the sphere. 

The light source was a 1,200 W "Hi-Spot" incandescent 

lamp. The light from the lamp was filtered through a 10 cm 

water reservoir with a clear plate glass bottom and 1 cm of 

coolant above the cuvette to reduce the infra-red radiation. 

. -1 
The lamp produced a maximum of 1.4 ly min total short-wave 

radiation at experimental position as measured through the 

bottom of the cylindrical cuvette with a Kip solarimeter. The 

light quality as measured with an Isco spectroradiometer appears 

in Appendix 1. The light intensity was changed by a series of 

neutral blackened copper screens above the cuvette. Six light 

intensities were produced. With a Kip solarimeter inserted 

through the base of each cuvette light intensities of 0.02, 0.10, 

0.15, 0.54, o.86, 1.40 ly min 0.01, 0.08, 0.11, 0.41, 0.65, 

1.06 ly min-1 were measured in the cylindrical and spherical 

cuvettes, respectively. The cuvette windows were cleaned at 

regular intervals. No deterioration was detected in the light 

source. The spherical cuvette allowed less light to reach the 

plant vertically than did the cylindrical cuvette. The amount of 

light from various directions was measured with a one-inch square 

silicon photovoltaic cell attached to a wire directed with a 



protractor monitored by a voltmeter. From this rather crude 

instrument a percentage of light from different angles was 

calculated. Much more light came from non-vertical directions 

in the spherical than the cylindrical cuvette (Figure 4). 

Temperature Control 

Temperature was maintained within the cuvette at a 

constant 15°C 20°C, 25°C, 1-1°C, under all light intensities. 

The temperature within the cuvette was measured by a copper- 

constantin thermocouple situated in the middle of the cuvette 

shielded with aluminum foil and calibrated with a mercury 

thermometer. The temperature was recorded with a Thermomax H 

recorder. To achieve the desired range of temperatures with 

different radiation levels a coolant of water and Dow Guard anti- 

freeze was circulated through a jacket around the cuvette. The 

temperature of the coolant was -4°C within the coolant reservoir. 

With a system of valves, coolant flowed three different paths: 

directly to the cuvette jacket from the coolant reservoir; 

to a copper tubing immersed in a 38°C water bath to a cooling 

condenser, then to the cuvette jacket; 3) to a cooling condenser 

water vapor trap. To achieve the desired temperature regime, 

the flow rate of the coolant, and degree of mixing of the warmed 

coolant, was regulated. The temperature was maintained (±1°C) 

within the cuvette by adjusting the four valves. The tempera- 

tures selected as appropriate for measurement were 15°C, 20°C, 

and 25°C. Sustained temperatures above 25°C cause injury 

18 
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Figure 40 Distribution of light intensity expressed as a 
percentage of vertical light intensity between 
(a) cylindrical and (b) spherical cuvettes. 
Measurement being made 5 cm from bottom of cuvettes. 
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(Krueger 1963) and below 150 produced condensation of water vapor 

within the cuvette under high radiation loads. 

Humidity Control 

Precise control of humidity and CO2 concentration poses 

many problems that normally are not encountered when only one is 

to be controlled. Tygon tubing normally used for CO2 exchange 

measurements absorbs water; water condensation absorbs CO2; water 

vapor has an infra-red absorption affecting CO2 measurement. To 

solve these problems polyethylene tubing was used and water vapor 

removed prior to entering the analyzer and added again prior to 

entering the cuvette. Water vapor was removed by passing the air 

stream through a 13 cm x 1.5 cm column of CaC1 (Figure 3, #9), 

then throug% a 14 cm x 1.5 cm column of MgC14 (Figure 3, #10). 

The CaC1 was changed twice daily. The addition of water was 

accomplished by passing a portion of the air stream over a 10 . 

percent solution of 
H2PO4 

(Figure 3, #3). The acid solution 

prevented 
CO2 

absorption by the water. The amount of water 

vapor added was controlled with two valves that permitted 

different amounts of the air stream to flow over the acid 

solution. This technique was very sensitive and stable. 

Measurement of the humidity was achieved with Hygrodynamics 

Electric Hygrometer Hygrosensors with a range of 12 percent to 

20 percent relative humidity (Figure 3, #4). The humidity 

.sensors were encased in a protective cylinder and immersed in a 

38°C water bath. The air stream was warmed before entering the 

sensor by passing through a copper coil also immersed in the 
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water bath (Figure 3, #14). The humidity sensors were calibrated 

to measure absolute humidity by determining the weight of a 

dessicant absorbing a constant water vapor concentration per unit 

time and flow rate. The calibration curves of the two sensors 

appear in Appendix 2. The humidity was recorded by A Taylor 

Transscope Electronic Recorder (Model 701JE2). 

By measuring the absolute humidity before and after the 

air stream entered the cuvette, an estimation of the amount of 

plant transpiration was achieved. Knowing the amount of tran- 

spiration, an estimate of stomatal conductance was calculated. 

A sample of this calculation appears in Appendix 3. 

CO2 
Control 

The 
CO2 

concentration was measured by a M.S.A. infra-red 

gas analyzer (I.R.G.A.). The I.R.G.A. was calibrated with two 

standard gas cylinders certified to be 250 ppm and 340 ppm CO2 

in 1120 After completion of a part of the experiment apparently 

abnormally low photosynthetic rates occurred. After checking 

and re-checking the apparatus the standard gas cylinders were 

checked with 
CO2 

gas cylinders purchased from a different 

company. There proved to be a 90 percent and 169 percent 

discrepancy in the 250 ppm and 340 ppm tanks, respectively. All 

other tanks purchased from the first company were checked with 

the second with errors ranging from 4 percent to 25 percent. 

:Upon notification of a possible error in the standard gas 

cylinders, the first company sent new standard gasses, an 

apology, and a photocopied paper by 'Grieco and Hans (1974) 



entitled "Ultrapure Gasses and Gas Standards, They're Not Ultra 

Pure and They're Not Standard". 

Since the experiment was all but completed after one year 

of experimentation, when the error was discovered no new data 

were gathered except CO2 concentration-photosynthesis deter- 

minations were made on a random sample of five plants in order 

to correct the previous data. These are included in Figure 5. 

The 
CO2 

concentration to which the plants were actually 

subjected was found to be between 906 ppm and 836 ppm. When the 

CO2 
concentration was depressed below 836 ppm, the 

CO2 

concentration was elevated by injecting CO2 with a syringe 

through an injection port fashioned from a two-inch piece of 

heavy gun rubber vacuum tubing (Figure 3, #1). To depress the 

CO2 
concentration in the system to the experimental limits, the 

air stream was allowed to flow through a cylinder of soda lime 

CO2 
absorbant (Figure 3, #6). 

Apparent net photosynthesis was calculated from the time 

required to reduce the 
CO2 

concentration of the system from 

906 ppm to 836 ppm and from foliage area determinations. A 

sample calculation appears in Appendix 4. 

Experimental Design and Analysis 

Three measurement periods were chosen. The periods 

assigned were Winter, Spring, and Summer. These were physio- 

logical times rather than chronological and were based upon data 

of Negisi (1966) and unpublished research of my own.. In the 

Winter period, with plants marked by tight terminal buds, 
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Figure 5. The CO2 concentration-photosynthetic response of 
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started March 10 and ended April 25; the Spring period, with 

plants marked by elongated new needles, started June 6 and ended 

July 1; the Summer measurement, with plants marked by prominent 

terminal buds, started August 27 and ended October 3. 

During these three measurement periods five plants were 

randomly selected from each of the eight seedling sources for 

net photosynthetic measurement with the only exception being 

the Winter period. Because of extremely small size or early bud 

swelling of three seedling sources, photosynthetic measurements 

of these plants were deemed impossible and thereby omitted from 

measurement within the Winter period. 

The plants were brought into the laboratory from the cold 

frames just prior to photosynthetic measurement. Eight centi- 

meters of shoot length was the maximum size that could be fitted 

into the cuvettes. It was important to have only the same age 

material from the same plant within the cuvette. Thus 8 cm of 

terminal growth or the growth of the recent year, whichever was 

the lesser, was fitted into the cuvette. The needles and lateral 

branches below the terminal measurement were removed for 

approximately 5 cm. A rubber stopper cut in half and grooved 

longitudinally was secured about the bare stem with modeling 

clay and the plant fitted into the cuvette. 

The seedling was acclimated for one hour in the cuvette. 

Although it would have been desirable to change temperature and 

light randomly, this would have been difficult with the 



experimental apparatus. Accordingly treatments were allocated 

as follows: temperature was allotted in increasing 5oC 

increments of 15°C, 20°C, and 25°C with 45 minutes acclimation 

time between changes; within each temperature treatment six 

light intensities were allocated in increasing intensity from 

0.02, 0.10, 0.15, 0.54, 0.86 and 1,:40 ly min-1, with five 

minutes acclimation time allowed between changes. Net photo- 

synthesis and stomatal conductance were calculated within each 

light intensity-temperature treatment period. 

Following the measurements of net photosynthesis at the 

various light and temperature treatments, the plant was removea 

from the cuvette. The needles were removed from the leader stem, 

and needle surface area was determined by the method of Drew 

(1974). A sample of ten needles was measured to the nearest 

millimeter and the needles dried for 48 hours at 70oC and 

weighed to the nearest 0.3:milligram. 

Analysis 

Photosynthesis, as determined by gas exchange, was 

measured on the leader foliage expressed on a dry weight basis 

per unit time 
(CO2 

mg absorbed/g dry wt./hr.). This expression 

assumes a direct relationship of dry weight to photosynthetic 

units or a similar relationship of dry weight to needle surface 

area. The expression was used to characterize the plant's 

photosynthetic response to all treatments. The photosynthetic 

25 
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expression (CO2 mg/g dry wt./hr.) in no way takes into account 

differences in morphology that in turn may alter light 

absorption. 

Pope and Irgens-Moller (1973) have shown that the morph- 

ology of a Dou-glae-fir leader accounts for a significant portion 

of the variation in the photosynthetic response. This relation- 

ship was analyzed by viewing the leader as a cylinder of 

foliage. As light impinges on the leader enclosed in the 

cuvette, almost all of the light is absorbed. If each needle is 

thought of as occupying a part of a disc in a cylinder formed by 

the leader, the needle will-have 

(a41.1.2)i = I0 (1) 

light to absorb of the light available to the disc, where a is 

2 
the area of a needle, 1 Is the needle length squared, and i is 
the intensity of incident light. a/tr12 is the fraction of area 

of needle interception in the needle's disc. The total light 

available to the next needle disc is 

(i-a4r12)i II (2) 

since the needle above is causing shading. The change in light 

intensity is then 

11-i Ai&N = -iaAT12 (3) 
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with N = needle number disc change downward on the leader. Then 

Ai/i = (-aA*12)4N (4) 

or rewritten in integral form: 

r" 
(i)/i ,) (-a/i1-12)d(N) 

0 

evaluated: 

ln(i) = -aN/V12 

At an arbitrary point, N needles down the leader 

ln(in)-1n(i0) = -a(N-O)/22 (7) 

where 0 is the top of the needle distribution; in is the 

intensity at the bottom of the needle distribution; ins is the . 

intensity at the top of the needle distribution. Then rewritten: 

ln(i/i0) = e(-aN/11-12) =n/io 

and 

(-aN/Irl2) 
i = i e 
n o 

in 
is then the extinction of light as a function of needle area, 

needle length, and number of needles enclosed in the cuvette. 

ion =e1 the effective light, is the light that is available 

for photosynthesis given the above morphological data. The 
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function is dependent upon needle density and stem length because 

needle denbity is equal to the number of needles (N) per unit 

length of stem, or N = density.x stem length.. 

The formula, Equation 9, is the same as the Lambert-Beers 

Law only modified in terms to conform to a single Douglas-fir 

leader enclosed in a small cuvette. 

The effective light available for photosynthesis of the 

leader is less than the original light intensity due to mutual 

shading. Checking the validity of Equation 9 by actual light 

measurement is impossible due to the size limitation that would 

be imposed upon the light measuring device. Therefore, 

Equation 9 will be looked at from the standpoint of its 

prediction of the outcome of light and temperature photosynthetic 

responses of eight seedling sources of Douglas-fir and from a 

separate experiment dealing with a cuvette designed to produce 

light on the leader as nearly equal as possible from all 

directions. 

Non-linear least squares analyses of photosynthetic rate 

as a function of light intensity were employed on each seedling 

source, for temperature treatment within each seedling source and 

within each seasonal run. The exponential function b1-b2e-b3x 

where x is the shortwave radiation, was fitted to the data. A 

condition of heteroscedasity existed that was corrected by using 

a reciprocal weighting procedure. The choice of this function 

is a major departure from the Michaelis-Menten function 

b1 
v-----)+b so commonly used by most photosynthesis workers. The 
1-b 

2x 
3 
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exponential function was chosen because of its better fit of 

data and ease of operation. The Michaelis-Menten function is 

notorious for its poor fit of data at photosynthetic light 

saturation. 

The photosynthetic light curves generated were then used 

to evaluate the effect of the light intensity adjustment on 

both the initial slope of the response curve, a measure of the 

light capturing efficiency, and the light required to reach 

photosynthetic light saturation. 

The light saturated photosynthetic rate is the upper 

asymptotic value of photosynthesis. The heteroscedastic 

situation mentioned earlier was felt in part to be a result of 

- the operation of the stomates. Rabinowitch and Govindjee (1969) 

view the photosynthetic light response curve as two separate 

entities, light limited and light saturated. A completely 

randomized split plot design with covariate was utilized for 

analysis of light saturated rates. The design variables wee 

seedling source, light, and temperature with the covariate 

stomatal conductance. 



RESULTS 

Initial Slope of the Photosynthetic Light Response Curve 

The first derivative of the exponential function evaluated 

at 0 light intensity is the value for the initial slope of the 

photosynthetic light response curve: 

fqx) = 
b2b3e-b3x 

evaluated at x = 0 

11(x) = 
b2b3 

The initial slope was determined for each of the seed sources, 

- temperature regimes within each seed source, and within each 

season, making a total of 63 non-linear least squares curves. 

The calculated initial slope value was then treated as a random 

variable generated by the functional response curve, and examined 

by a two-way analysis of variance within each season to determine 

seed source and temperature differences. ANOVA Table, Table 2, 

shows that there were no significant differences with tempera- 

ture. This is to be expected since temperature has no effect on 

the light capturing capability of the plant, as expected by the 

Blackman hypothesis (Rabinowitch and Govindjee 1969). The seed 

source differences were apparent in all seasons except summer. 

The seed sources were grouped according to Kung and Wright (1972) 

and Flous (1934) in provenance groups. The provenances 

consisted of low elevation Northern Rocky Mountain "Inland 



TABLE 2 

ANOVA Of Initial Slope Of The Photosynthetic Light Response Curve 

Source 

d.f. 

seed 
source 

d.f. 
temp. 

d.f. 

error 

MS. 
seed 

source 
M.S. 
temp. 

M.S. 
error 

F ratio 
seed 
source 

F ratio 
temp. 

Winter 4 2 8 5.5073 .9563 1.1591 4.7514** .825Ons 

Spring 7 2 14 23.0295 3.2229 4.0092 5.7441** .8039T 

Summer 7 2 14 13.1196 3.0622 7.1644 1.8312ns .4274ns 



Empire" (200, 300), high elevation northern Rocky Mountain (500, 

800, 700); southern Rocky Mountain Arizona (400), and southern 

Rocky Mountain New Mexico (100). The means of Table 3 were 

grouped and analyzed according to Snedecor and Cochran's (1968) 

method of predetermined comparisons of treatment means. 

In the spring and winter, the two northern Rocky Mountain 

provenances had significantly greater slopes at the five per- 

' cent level than the two southern Rocky Mountain provenances. 

The two northern Rocky Mountain provenances were not signifi- 

cantly different from each other at the five percent level, nor 

were the two southern Rocky Mountain provenances significantly 

different from one another. 

The Initial Slope of the Photosynthetic Light Curve Adjusted 

for Light Intensities 

Visual differences in gross morphology were apparent 

between seed sources. Light intensity was adjusted for these 

differences by using the effective light intensity as one of the 

response variables in the photosynthetic light response curve. 

From this adjustment based on the light extinction through the 

leader of the individual plant (Equation 9), the same 63 non- 

linear least squares curves were fitted as stated previously and 

the initial slope treated and analyzed as before. It must be 

stressed again that this adjustment is a function of the indivi- 

dual plant's morphology (i.e., needle density, needle area, 

needle length). 



TABLE 3 

Means for the Initial Slope of the Light Response Curve 

(CO2 
mg/g/hr/ly/min) 

33 

Seed Source Winter Spring Summer 

500 6.5150 13.2929 16.3560 

700 12.6094 16.5566 

800 5.7674 18.5733 14.3349 

200 4.6809 12.8533 17.9428 

300 13.1637 15.0701 

100 2.9302 10.3034 12.3670 

400 4.6657 9.1861 12.6338 

4.9118 12.8546 15.0373 



This adjustment increased the slope an average of 

168.05 percent. Table 4, the ANOVA of slope adjusted for the 

light extinction, shows that in all seasons the temperature 

effect was nonsignificant, while the seed source effect was 

significant at the five percent level in all seasons. 

The seed sources were grouped as mentioned before within 

all seasons. The two southern Rocky Mountain seed sources did 

not differ from one another at the five percent level. The five 

northern Rocky Mountain seed sources differed significantly at 

the five percent level from the two southern Rocky Mountain seed 

sources. The adjustment for the light extinction effect produces 

greater differences than were evident in the unadjusted analysis 

(Table 5)0 The adjustment for the morphology tended to separate 

and accentuate the differences already evident in the unadjusted 

analysis. The northern Rocky Mountain provenances again had 

significantly greater slopes. 

The Light Required for 95 Percent Light Saturated Photosynthetic 

Values 

-b3x 
The photosynthetic light function b1-b2e 

approaches 

an upper asymptotic limit which is the photosynthetic light 

saturation point. Due to the asymptotic relationship and by 

convention, photosynthetic light saturation was taken to occur at 

95 percent of the asymptotic value.. There are many problems in 

choosing this arbitrary point that severely limit the utility of 

this analysis, but weighing the limitations versus some of the 



TABLE 

ANOVA Of The Initial Slope Of The Photosynthetic Light Response 

Curve With The Adjustment Due To Light Extinction 

Source 

d.f. 
seed 

source 

d.f. 

temp. 
d.f. 

error 

M.S. 
seed 

source 
M.S. 
temp. 

M.S. 
error 

F ratio 
seed 

source 
F ratio 
temp. 

Winter 4 2 8 11.5350 1.9799 2.8151 4.0975* 7033ns 

Spring 7 2 14 64.6240 7.8039 6.2481 10.3430** 1.2490ns 

Summer 7 2 14 150.4000 26.4735 28.6212 5.2549** .925Ons 



TABLE 5 

Means for the Initial Slope of the Adjusted Light 
Response Curve (CO2 meg/hr/ly/min) 
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Seed Source Winter Spring Summer 

500 9.8634 1603084 35.8766 

700 1900624 28.0389 

800 9.7536 26.7318 23.3368 

200 6.3711 16.846o 28.7825 

300 1701242 26.3650 

100 6.102 13.73o8 1403862 

400 6.2193 1o.9955 20.8585 

7.6633 17.3570 25.3778 



usefulness in elucidating the effect of the light adjustment, 

it was used for purposes of discussion. 

The Light Required for 95 Percent Light Saturation Photosynthesis 

(Unadjusted) 

The average light required for 95 percent saturation is 

2.45 ly min-1 in winter, .62 ly min spring and 

.86 ly min-1 in the summer for the unadjusted light photo- 

synthetic data. An analysis of variance of the data was 

performed (Table 6 and Table 7). There was no significant 

difference between seed sources. There were significant 

differences with temperature in all seasons except during the 

winter experimental run. Except for the winter run, this is to 

be expected according to the Blackman hypothesis. 

The Light Required for 95 Percent Light Saturated Photosynthesis 

(Adjusted) 

With adjustments using Equation 9, the average light 

required for 95 percent light saturated photosynthesis was 

1.40 ly min winter, .47 ly min the spring, and .53 ly 
. -1 . 

min in the summer. These values are an average of 61.58 per- 

cent of the unadjusted values. An analysis of variance was 

conducted similar to that above. There was a marked decrease in 

the error variance with the adjustment accounting for an average 

of 63.30 percent of the unexplained variation from the previous 

analysis. The ANOVA, Table 8 and Table 9, show significant 

differences with respect to temperature and seed source. 



TABLE 6 

Table of ANOVA Of The Light Required For 957 Light Saturation For Unadjdsted Light Intensity 

d F .f . M.S. 

Source 
seed d.f. d.f. seed M.S. M.S. seed F ratio 
source temp. error source temp. error source temp. 

Winter 4 2 8 .7303 1.5827 .9880 .7392ns 1.6020ns 

Spring 7 2 14 .0406 .4509 .0146 2.7796ns 30.8705** 

Summer 7 2 14 .0168 .7056 .0161 1.043911s 43.8423** 



TABLE 7 

Table Of Light Required For 957w Light Saturation Of The Photosynthetic 
Light Response Curve, Ly./Min. (Unadjusted) 

39 

SOURCE WINTER SPRING SUMMER 

500 2.3224 .5358 .7804 

700 .5632 .7062 

800 3.2647 .4773 .7834 

200 2.4040 .6321 .8347 

300 .6529 .8002 

100 1.9173 .7726 .8171 

400 2.3506 .7400 .9173 

2.4518 .6248 .8066 



TABLE 8 

Table Of ANOVA Of Light Required For 957 Light Saturation For Adjusted Light Intensity 

d.f. N.S. F ratio 
seed d.f. d.f. seed M.S. M.S. seed F ratio 

Source source temp. error source temp. error source temp. 

Winter 

Spring 

Summer 

4 2 8 .4393 .3144 .0576 7.6231** 5.4557* 

7 2 14 .0356 .2552 .0096 3.7003* 26.5259** 

7 2 14 .0518 .2950 .0062 8.3077** 47.3120** 



TABLE 9 

Table Of Light Required For 957 Saturation Of The Photosynthetic 
Light Response Curve, Ly/Min. (Adjusted) 

SOURCE WINTER SPRING SUMMER 

500 1.3727 .4297 .3915 

700 .3679 .4354 

800 1.3474 .3303 .4964 

200 1.7658 .4808 .5568 

300 .4949 .4877 

100 .8021 .5654 .7410 

400 1.7016 .6079 .5689 

1.3978 .4681 .5254 
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The seed sources were grouped as before. The Inland 

Empire seed sources have a significantly higher light requirement 

than the high elevation northern Rocky Mountain in winter and 

spring (t = 10.8997, S.E. = .0372; t = 2.1686, S.E. = .0516). 

The northern seed sources were significantly higher in the winter 

while being significantly smaller in the spring and summer than 

the southern seed sources (t = 4.8945, S.E. = 0497; t = 3.5000, 

S.E. = .0474; t = 2.9576, S.E. = .0613). The southern seed 

sources were significantly different only in the winter with 

the New Mexican seed source being the greater (t = 19.1004, 

S.E. = 0471). 

Comparison of the Initial Slopes of the Photosynthesis Light 

Curves in Two Cuvettes 

A random sample of five trees from the eight seed sources 

was chosen and randomly measured in both the spherical light 

integrating cuvette and the cylindrical cuvette. Upon completion 

of photosynthetic measurements at 20°C and six different light 

intensities in one cuvette, the plant was then measured in the 

other. The data from each plant within each cuvette treatment 

were fitted to the function y = b1+b2e-b3x where x = light 

intensity. From the cylindrical cuvette data the light intensity 

adjustment e(-anAIT12) was used to generate another set of least 

squares curves. The initial slope of the light curve 
(b2b3) 

was 

calculated for each tree and tested with analysis of variance. 

There are significant differences at the five percent level with 

the cylindrical cuvette's initial slope being significantly less 



1+3 

than the cylindrical adjusted and spherical cuvette treatments 

slopes (Table 10 and Table 11). 

With the use of paired Students "t" test, the light 

saturated photosynthetic rates were analyzed. The light 

saturated photosynthetic values were not significantly different 

at the five percent level (Table 12). 

Light Saturated Photosynthesis 

Multiple regression analysis was applied to the photo- 

synthetic data to help explain the photosynthetic variation. 

The experiment has two design variables, light and temperature, 

and a concomitant variable, stomatal conductance. Stomatal 

conductance was measured from transpiration measured along with 

the photosynthetic data. A ,:ertain amount of synergism between 

variables was thought to occur, as light intensity may influence 

leaf temperature; leaf temperature influences the light 

saturation ceiling, light intensity influences stomatal activity, 

and temperature influences stomatal activity through the 

physiology of the stomates. 

From forward and backstep regression procedures using 

numerous combinations of variables and with knowledge of the 

processes I developed the following model: 



Cylindrical Cuvette 

15.5437 

TABLE 10 

ANOVA of the Initial Slope of the Photosynthetic Light Response Using 
Two Different Cuvette Systems and Adjustment of the Light Intensity. 

Source df ss ms 

Total 14 1565.8992 

Treatments(cuvettes) 2 800.8829 400.4415 6.2813* 

Error 12 765.0167 63.7514 

TABLE 11 

Means for Slope of Different Cuvette Treatments 

TABLE 12 

Light Saturated Photosynthetic Rate Means of the Two Cuvette Systems 

Cylindrical Cuvette Spherical Cuvette 

3.148 3.556 

14=5;1=.408 Sd -=.2671 t = 1.5276 

Cylindrical Cuvette (adj.) Spherical Cuvette 

26.6300 33.2596 

LSD = 
05 

11.0035 
. 
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Photosynthetic Rate (y) 1.6919 + 1.0594 Light - .0470 
' Temperature + .2605 Leaf Conduct- 

ance - 1.0160 Light Squared + .0036 
Temperature Squared-+ 00654 Light 

x Temperature - .0491 Conductance 
x Temperature + .4548 Conductance 
x Light 

This regression accounts for 19.19 percent of the observed 

variation and is significant at the five percent level 

(Appendix 5). 

Separate regression analyses of the sane type were 

fitted to the data within each seasonal grouping to determine if 

the models are estimates of the same population. These 

regression equations by season and ANOVA's appear in 

Appendices 5 through 7. Each model is significant at the five 

percent level accounting for 46.22 percent, 39.54 percent and 

37.10 percent of the observed variation in the summer, spring, 

and winter grouping, respectively. Comparing the regression 

equations by a technique described by Zar (1974), the models 

within each season estimated a different population behaviour. 

Summary of the test appears in Appendix 16. 

The same procedure of grouping the data was followed for 

seed source. The same model was fitted to the eight seed 

sources; each regression was significant at the five percent 

level controlling between 14 percent and 32 percent of the 

observed variation. The models and ANOVA's appear in 

Appendices 8 through 15. Using the technique of Zar (1974) 



again to compare the regression equations estimated within the 

seed sources, there is no reason to doubt that the equations 

estimated the same population model as the overall model 

(Appendix 17). 

Each plant within the experiment was subjected to six 

different light and three different temperature treatments for 

measuring photosynthesis. Stomatal conductance, estimated from 

transpiration measured in conjunction with photosynthesis, is 

viewed as a covariate. The experimental design which adequately 

fits the experiment is a completely randomized split plot with 

covariates. The main plots of this design are the individual 

plant within each season; the split plots are the design vari- 

ables light and temperature° 

The design has serious limitations in conjunction with 

this experiment° First, full partitioning of the main factor 

interaction terms with the existing computer machinery proved to 

be complex. Multiple covariate analysis with complex experi- 

mental designs is cumbersome at best, but the large matrices 

needed to attain the adjusted interaction terms produced minute 

determinants with singular matrix solutions. Therefore, some 

simplification of the design was necessary. There were different 

models for season from the multiple regression runs but not for 

seed source. Therefore, to simplify the analysis the data were 



analyzed separately within each season. Further simplification 

was achieved by analysis without covariates to examine the main x 

split plot interactions to determine if there was a need to 

include these in the covariate analysis or whether they might 

simply be ignored. 

Light Saturated Photosynthetic Rate in Spring 

The simplified split plot analysis of light saturated 

photosynthetic rate in spring appears in Table 13. There was no 

significant difference between seed sources, nor was there any 

interaction with respect to light and temperature. Light 

intensity and temperature were significant factors. Sixty per- 

cent of the photosynthetic variation was attributable to 

individual plant (main plot = seed source x rep) variation. Of 

this individual plant variation, 13 percent was attributed to 

seed source, and 24 percent of the variation was attributed to 

the design variables. 

Since there was no apparent main by split plot inter- 

action (seed source by design variable interaction), analysis of 

covariance was used. The design variables, instead of being 

discrete, were handled as continuous with conductance entered as 

a covariate (Table 14)0 Forty-one percent of the variation in 

photosynthetic response is attributable to individual plant 

effects (main plot), a reduction of 19 percent from the previous 

analysis. Conductance has a significant individual plant 

effect, accounting for 30 percent of this variation, while no 

apparent differences occur due to seed source. The split 



TABLE 13 

ANOVA of Light Saturated Photosynthetic Rates in Spring 

1+8 

SOURCE df ss ms f Ratio 

39 267.1101 Main Plot 
. 

Seed.Source 7 34.7409 4.9630 .6835n's' 

Main Plot Error 32 232.3692 7.2615 

Sub-Plot Total 359 469.0166 

Light 2 4.5450 2.2725 7.7296 ** 

Linear 1 4.1870 14.2415 ** 

Quadratic 1 .3580 1.21771"s* 

Temperature 2 103.2696 51.6348 175.6286 ** 

linear 1 103.0704 350.5760 ** 

Quadratic 1 .2069 .7037n.s. 

Light x Temp 4 2.8560 .7140 2.4286 * 

Linear x Linear 1 1.8702 6.3612 * 

Linear x Quad 1 .9254 3.14761"" 

Quad x Linear 1 .0221 .07521"s' 

Quad x Quad 1 .0535 .l820r"s' 

Main x Split Plots 56 15.9838 .2854 .9702n's' 

Seed S. x Light 14 4.7698 .3407 1.158811's' 

Seed S. x Temp. 14 6.0172 .4298 1.461911's' 

Seed S. x Light x Temp 28 5.1968 .1856 .631311-s* 

Error 256 75.2521 .2940 

Error + Main x Split 312 91.2349 .2924 



TABLE 14 

ANOVA of Saturated Photosynthetic Rates in Spring with Covariates 

49 

SOURCE df ss ms f Ratio 

Main Plot 39 267.1101 

Main Plot (adj.) 39 _194.2510 

Seed S. x Covariate 8 91.9926 

Seed Source (adj.) 7 31.4146 4.4878 1.3605" 

Covariate-Conductance 1 57.3665 57.3665 17.3906** 

Error 32 232.3692 7.2615 

Error (adj.) 31 102.2584 3.2987 

Split Plot Total 359 469.0166 

Split Variables 8 112.8569 14.1071 49.2738 ** 

Light/Others 1 .0676 .23611"s* 

Light Squared/Others 1 .6864 2.3975n.s. 

Temp./Others 1 .0018 00631"" 

Temp. Squared/Others 1 .1434 .50091"" 

Light x Temp./Others 1 1.8684 6.5260 * 

Conductance/Others 1 .3994 1.39501"" 

Conductance x Temp/ 
Others 1 1.1819 4.1282 * 

Conductance x Light/ 
Others 1 .0001 .00031"" 

Regression 47 379.6830 8.0784 28.2164 

Split Error 312 89.3336 .2863 



variables explain 24 percent of the variation with light x 

temperature and conductance x temperature being the only 

significant factors in the equation. 

Light Saturated Photosynthetic Rate in Summer 

In the split plot analysis .(Table 15), 41 percent of the 

.total variation is attributable to individual plant variation. No 

. significant differences are apparent with respect to seed source 

differences with only 14 percent of the main plot variation 

attributable to seed source. Thirty-five percent of the total 

variation is attributable to the design variables light and 

temperature with both linear and quadratic effects significant. 

Linear effect of light and temperature accounted for the greatest 

amount of factor variation, 83 percent and 98 percent, 

respectively. There is no main by split interaction (individual 

plant x split) except with seed source x temperature. This 

significance is attributed to the northern seed sources (200, 

300, 500, 700, 800) on the average being more linearly responsive 

to temperature than the southern seed sources (100, 400). This 

difference probably occurs due to the low photosynthetic rates 

associated with seed source 100 (Table 16). 

In the split plot covariate analysis (Table 17), 32 per- 

cent of the total variation is attributable to individual plant 

variation, a nine percent reduction due to the adaition of the 

covariate stomatal conductance. Conductance has a significant 

individual plant effect. The seed source variation was much reduced 
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TABLE 15 

ANOVA of Light Saturated Photosynthesis in Summer 
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SOURCE df 

39 

ss 

265.9860 

ms f Ratio 

Main Plot 

Seed Source 7 38.0142 5.4306 .76231"s' 

Main Plot 32 227.9718 7.1241 

Sub-Plot Total 359 641.1422 

Light 2 12.9728 6.4864 15.0636 ** 

Linear 1 10.8222 25.1328 ** 

Quadratic 1 3.2295 7.5000 ** 

Temperature 2 206.5380 103.2690 239.8258 ** 

Linear 1 203.4231 472.4178 ** 

Quadratic 1 4.6689 10.8628 ** 

Light x Temperature 4 7.7046 1.9262 4.4733 ** 

Linear x Linear 1 3.9753 9.2320 ** 

Linear x Quadratic 1 3.6422 8.4584 

Quadratic x Linear 1 .0694 .16121"s- 

Quadratic x Quadratic 1 .0189 .04391"" 

Main x Split Plots 56 37.7089 .6734 1.5638 * 

Seed Source x Light 14 6.2436 .4460 1.03571"s' 

Seed Source x Temperature 14 19.6392 3 4028 3.2578 * 

North vs. South x Linear Temp. 1 4.4322 10.2931 ** 

100 vs. 400 x Linear Temp. 1 .1810 .42041"" 

Northern Sources x Linear Temp. 1 .0076 .017611-s. 

Hybrid vs. Other x Linear Temp. 1 .5105 11855"" 
Hybrid vs. Northern x Linear Temp. 1 1.1635 270211"s' 

Hybrid vs. Southern x Linear Temp. 1 .3362 .780711.s. 

Seed Source x Light x Temperature 28 11.8261 .4224 98101". 

Error 256 110.2319 .4306 

Error + Main x Split 312 147.9408 .4742 



TABLE 16 

Saturated Photosynthetic Rates in Summer Arrayed by Seed 
Source and by Temperature (mg CO2/gm/hr) 
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Source 15°C 20°C 25°C 

100 3.1811 3.7197 404841 

200 3.6079 402809 5.5731 

300 3.1540 4.0970 5.2660 

400 3.1561 3.8395 406789 

500 3.2817 309074 5.8189 

600 2.9173 3.7091 405419 

700 304170 403540 6.0012 

800 3.1986 307934 4028oa 

Southern Rockies 3.1686 3.7796 405815 

Northern Rockies 3.3318 4.o865 5.3879 

2 3.2392 3.9626 50805 



TABLE 17 

ANOVA of Li ht Saturated Photos nthesis in Summer with Coveriates 
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SOURCE df ss MS f Ratio 

Main Plot 39 265.9860 

Main Plot (adj.) 39 205.5138 

Seed S. x Covariate 8 63.978; 7.9973 1.7516 

Seed Source 7 38.0142 5.4306 .7623n's' 

Seed S. (adj.)/Other 7 22.6309 3.2330 .7081nes' 

Covariate/Other 1 25,8330 5.6581 ** 

Error 32 227.9718 7.1241 

Error (adj.) 31 141.5353 4.5657 

Split Plot Total 359 641.1422 

Split Variables 8 240.8318 30.1040 67.1964 ** 

Light/Other 1 1.8622 4.1567 * 

Light Squared/Other 1 4.2349 9.4529 ** 

Temperature/Other 1 2.5889 5.7788 ** 

Temp. Squared/Others 1 3.2881 7.3395 ** 

Light x Temp./Others 1 3.5816 7.9946 ** 

Conductance/Others 1 1.1020 2.4598n's' 

Conductance x Temp./ 
Others 1 8.1203 18.1257 ** 

Conductance x Light/ 
Others 1 .9760 2.1786n's' 

Regression 47 501.3667 10.6674 23.8112 

Error 312 139.7751 .4480 
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from the previous analysis. Thirty-eight percent of the total 

variation is attributable to the split plot variables with light 

intensity, light intensity squared, temperature, temperature 

squared, light x temperature, and conductance x temperature being 

significant. Seventy-eight' percent of the total variation is 

explained by the overall covariate model which is five percent 

less than the total variation explained in the model without the 

covariate. 

Light Saturated Photosynthetic Rate in Winter 

In the split plot analysis (Table 18), the individual 

plant variation accounted for 74 percent of the total variation 

of which 31 percent is due to seed source differences. Eighteen 

percent of the total variation is attributable to design 

variables significant in linear terms. There are significant 

interactions of individual plants and of light and temperature. 

These differences are attributed to the northern seed sources 

(200, 500, 800) being more responsive to increased light and 

temperature than the southern seed sources (100, 400); the 

northern low elevation, "Inland Empire", Rocky Mountain (200) 

being less influenced by light and temperature than the higher 

elevation northern Rocky Mountain seed sources (500, 800); and 

the two southern Rocky Mountain seed sources (100, 400) being 

different from each other (Tables of Means 19 and 20). 

In the split plot covariate analysis (Table 21), 55 per- 

cent of the variation is attributed to individual plant variation, 

a 19 percent reduction from the previous analysis due to 



TABLE 18 e 

ANOVA of Saturated Photosynthetic Rates in Winter 
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SOURCE df ss ms f Ratio 
Main Plot 24 303.5998 

Seed Source 4 93.5964 23.3991 2.2280.8. 

Error 20 - 210.0033 10.5002 

Sub-Plot Total 224 411.7002 

Light 2 64.6584 32.3292 259.4639 ** 

Linear 1 63.7949 511.9976 ** 
Quadratic 1 .5730 4.5987 * 

Temperature 2 6.8071 3.4035 27.3158 ** 

Linear 1 5.2173 41.8724 ** 

Quadratic 1 .0048 .0385n'8' 

Light x Temperature 4 3.9188 .9797 7.8628 ** 

Linear x Linear 1 3.4110 27.3756 ** 

Linear x Quadratic 1 .0755 .6059"' 
Quadratic x Linear 1 .0010 .0080". 
Quadratic x Quadratic 1 .4083 3.5321n.s. 

Main x Split 32 12.7760 .3993 3.2047 ** 

Seed Source x Light 8 6.9544 .8693 6.9767 ** 

Northern vs. Southern 

Seed Sources x Linear Light 1 3.9357 31.5864 ** 

Southern Seed Sources x Linear 
Light 1 1.7061 13.6923 ** 

Northern Seed Sources x Liner.- 
Light 1 1.0668 8.5615 ** 

High Elevation/Northern Rocky 
Mountain 1 .0030 .024111'8' 

Seed Source x Temperature 8 2.7416 .3427 2.7504 ** 

Northern vs. Southern Seed 
Sources x Linear Temp. 1 .8936 7.1717 ** 

Southern Seed Sources 
Linear x Temp. 1 .5857 4.7005 * 

Northern Seed Sources 
Linear Temp. 1 1.8887 15.1578 ** 

High Elevation Northern Rocky 
Mountain x Linear Temp. 1 .0409 .328011.6- 

Seed Source x Light x Temp. 16 3.0800 .1925 1.5449n'8' 

Error 160 19.9401 .1246 

Error + Main x Split 192 32.7161 .1704 



TABLE 19 

Light Saturated Photosynthetic Rate Means in Winter Arrayed 
by Seed Source and Light Intensity (mg/g/hr) 

TABLE 20 

Light Saturated Photosynthetic Rate Means in Winter 
Arrayed by Temperature (CO2 mg/g/hr) 
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Seed Source 
Temperature (°C) 

15 20 25 

100 1.1198 1.1570 1.1593 
200 2.3770 2.5217 2.7792 
400 2.1444 2.5175 2.5791 
500 3.1652 3.5445 3.7402 
800 2.9213 3.0140 3.6007 

3"i 2.3455 2.5509 2.7717 
Southern Rockies 1.6321 1.8373 1.8692 
Northern Rockies 2.8212 3.0267 3.3734 

Seed Source 

Light Intensity (ly min-1) 

.54 .86 1.4 
100 .8283 1.2022 1.4056 
200 1.9361 2.5368 3.2040 
400 1.7760 2.4371 3.0278 
500 2.5664 3.6014 4.2821 
800 2.2954 3.2013 4.0393 
2 1.88o4 2.5958 3.1918 

Southern Rockies 1.3022 1.8197 2.2167 
Northern Rockies 2.2660 3.1132 3.8418 



TABLE 21 

ANOVA of Light Saturated Photosynthetic Rates in Winter with Covariates 

SOURCE df ss ms - f 

Main Plot 24 303.5998 

Main Plot (adj.) 24 225.0999 

Seed Source + Cond. 5 197.3424 

Seed Source 4 93.5964 23.3991 2.2285n"" 

Seed Source (ad).) 4 133.7953 33.4488 22.8960 ** 

Northern vs. Southern 1 23.4580 16.0572 ** 
Southern vs. Southern 1 .1697 .1162n5. 
Northern Seed Sources 1 .3399 .2327n.s. 

High Elevation Northern Rockies 1 .0997 .0683n-s. 

Covariate Conductance 1 53.0613 36.3210 ** 

Error 20 210.0033 10.5001 

Error (ad).) 19 27.7574 1.4609 

Split Plot Total 224 411.7002 

Regression 32 377.8423 11.8076 66.9745 ** 

Split Variables 8 81.3333 10.1667 57.6670 ** 

Light 1 .8980 5.0936 ** 
Light Squares 1 2.6514 15.0391 ** 
Temperature 1 .1900 1.0777ns 
Temperature Squared 1 .0023 .0130nks. 
Light x Temperature 1 3.1005 17.5865 ** 
Conductance 1 4.3503 24.6756 ** 
Conductance x Temp. 1 3.0278 17.1741 ** 
Conductance x Light 1 3.4093 19.3381 ** 

Split Error 192 33.8579 .1763 
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conductance effects. Fifty-nine percent of the individual plant 

variation is now attributed to seed source differences. These 

differences are mainly attributed to northern seed sources (200, 

500, 800) having a significantly greater photosynthetic rate 

than the southern seed sources (200, 400) (Table 19 and 

Table 20). Twenty percent of the 'total variation is attributed 

to the split variables with light intensity, light intensity 

squared, light intensity x temperature, conductance, conductance 

x temperature, and conductance x light intensity being 

significant. 



DISCUSSION 

Initial Slope of the Photosynthetic Light Response Curve 

An exponential function was chosen to fit the light- 

photosynthesis data. The data were fitted to this function to 

produce an iconic model for comparison of the parameters of the 

.model within season and seed source. The model is a departure 

from the Michaelis-Menten function used by Chartier (1966). 

However, aside from the Michaelis-Menten function's tie to the 

field of enzyme kinetics which has no real connection to this 

study, the exponential is much easier to use mathematically and 

statistically. There are many proposals for the shape of the 

light-photosynthesis relationship. In this investigation the 

most expedient equation form was employed. 

The factors analyzed in connection with this study were 

errors in light intensity measurement, seasonal changes, and 

genetic (seed source) differences in photosynthetic light 

efficiency. Each of these factors influenced the iconic model 

and will be addressed in turn. 

Light Intensity 

Measurement of light intensity is performed through the 

bottom of the empty cuvette. When a plant is placed into the 

cuvette for photosynthetic measurement, it is assumed that the 

plant is viewing the same light intensity as that viewed by the 

light metering device. A Douglas-fir leader is an aggregate of 

foliage upon which photosynthesis is measured. The 
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photosynthesis measured is the sum net photosynthesis of each 

individual needle of the aggregate. The question arises as to 

how much light the plant is viewing. There is no instrumentation 

to answer the question precisely. Therefore, an empirical 

investigation was attempted-from: 1) an estimate of light 

extinction by the leader, 2) the comparison of two different 

cuvette systems, 3) the comparison of the calculated photo- 

synthetic rates of plants corrected and uncorrected for self- 

shading, and 4) the comparison of the prediction of the light 

required for photosynthetic light saturation. 

The development of the morphological correction for the 

light intensity of the photosynthetic-light response follows 

Lambert-Beers law (Equation 9). The terms of the morphological 

correction relate to a single perpendicular leader exposed to 

direct light. The equation for the morphological correction is 

evaluated at the bottom of the needle distribution. It is 

evaluated Pt this point for convenience. However, one must 

assume with this correction either a constant or increasing 

individual needle photosynthetic efficiency with distance from 

the terminus. 

To test the accuracy of the light intensity adjustment, 

the initial slopes of the light curve of the cylindrical and 

spherical cuvette systems were compared. The spherical cuvette 

increased horizontal lighting by 45 percent, approaching uniform 

illumination. The light intensities for seedlings in the 

cylindrical cuvette were adjusted based on the individual plant 



morphology (i.e., needle area, needle length, needle density). 

There were no significant differences between these light 

adjusted slopes and those from the spherical cuvette, while the 

uncorrected slopes from the cylindrical are significantly less 

than either of the other treatments. 

Caution is needed in intepreting these results. The 

spherical cuvette with near uniform illumination leads to 

peculiar results. The light saturated photosynthetic rates are 

generally 30 percent higher than rates using strictly vertical 

illumination (Zelawski 1973, Zelawski et al. 1974). Zelawski's 

main premise is that diffuse light is extremely important in 

increasing the light available to the underside of the needles. 

In this way, he explains the higher light saturated photo- 

synthesis anomaly. Aside from the above discrepancy of high 

light saturated photosynthetic rates, the slopes from the 

spherical cuvette were all larger than the adjusted slopes 

(though not significantly so). With E- larger sample size the 

difference may become significant. Since there was more light 

being supplied horizontally, more light was assumed to be 

reflected from the bottom of the cuvette. This would increase 

the light intensity viewed by the plant over and above the 

measured vertical light intensity. The spherical cuvette is not 

a perfect light integrator; the mylar scatters the light in a 

downward direction, but 45 percent greater light intensity is 

received horizontally than is received by the cylindrical 

cuvette with at least that much being reflected upward from 
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below. Since the spherical cuvette may not be a perfect light 

integrator, some direct light may cause shading affecting back 

reflection. If one assumes the average upward vertical reflec- 

tion angle of 45 degrees with 45 percent more available light 

but ten percent less efficiently utilized, the slopes produced 

by fitting these simulated light intensities would account for 

the spherical cuvette slopes being 25 percent greater than the 

adjusted slopes. With the rather gross assumptions made above, 

the difference between the adjusted slope data and spherical 

cuvette slope data of 20 percent may be explained by the 

increase in light intensity viewed by the plant that is higher 

than that viewed by a Kip solarimeter (Table 11). 

The analyses of the initial slope of the photosynthetic 

light response curves show that when there is adjustment for 

light extinction, there is a marked increase in the variation 

that is attributable to seed source differences as well as a 

marked increase in the error variance (Table 2 and Table 4). 

This may be explained as follows: if a plant reacts normally to 

environmental conditions with growth responses such as needle 

length, needle density and needle number, it is reasonable that 

the photosynthesis would react as well. The reaction of the 

photosynthetic process may be to maintain stability within the 

system by being nearly alike on an available light basis. In 

this way, no morphological strategy becomes advantageous for all 

conditions, while each morphological strategy is the result of 

the current year's conditions as well as those of the previous 
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year. The morphological strategies control needle density and 

needle growth. The increased variation caused by the calculated 

morphology adjustment may simply reveal the ability of the 

photosynthetic process to react to environmental conditions. 

The light required for photosynthesis at 95 percent light 

saturation is very high for the unadjusted photosynthetic data. 

The adjustment resulted in an average of 57 percent, 75 percent, 

and 65 percent reduction in winter, spring, and summer, 

respectively. Kramer and Clark (1947) using loblolly pine 

found that the light required to reach saturation for an 

individual needle was 66 percent of the light required for the 

entire plant to reach saturation. My adjustment for light 

intensity = 65.67%) is in extremely close agreement with 

their work. 

In the absence of other data, I believe that there is 

enough evidence here to conclude that the adjustment of light 

inteAsity for the morphology of the leader is valid. Though the 

adjustment is for a single perpendicular Douglas-fir leader, it 

need only be reparameterized to fit increased plant material or 

other species. 

Seasonal Patterns 

The initial slope of the light response curve is greatest 

in the summer measurement period and least in the winter. The 

initial slope, the measure of light capturing efficiency, 

reflects the functioning of the pigment system. There is every 

indication that these systems change through the seasons. 
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Following bud burst, during the period of leaf expansion, grana 

become fully developed with steady increases in chlorophyll and 

soluble protein. Then there is a steady state followed in the 

fall by a reduction in chlorophyll and soluble protein (Schaedle 

1975). Wiley (1975) found decreases in carotenoids in Douglas- 

fir preceding winter hardening. These changes in pigment should 

affect the slope of the light curve. The slope during the winter 

measurement period is less than either the spring or summer 

periods (Table 3 and Table 5). The low slope values associated 

with the winter sampling period seem especially significant. 

This is in agreement with Pisek and Winkler (1958) although in 

disagreement with Emmingham and Waring (1975). With reduced 

light intensity in the winter, even with favorable temperatures, 

these plants could not sustain a high photosynthetic rate. 

Seed Source 

In general, the northern Rocky Mountain seed sources have 

a greater initial slope of the light curve than the southern 

Rocky Mountain types. The explanation may possib]y be that of 

adaptation to greater altitude, with the southern seed sources 

being about 500 meters higher in elevation. The blue color of 

the foliage has at times been related to this increased altitude. 

Even more important in explaining these differences may be the 

adaptation to summer climate. 

The most prominent natural selective force in the 

floristic history of the West has been rainfall. The development 

of orographic rain shadows and limited summer rainfall are the 
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main factors. There is lower summer rainfall of the northern 

Rocky Mountains than the southern Rocky Mountains (Pope 1973). 

Therefore, the northern Rocky Mountain seed sources being more 

photosynthetically efficient may be adapted to droughtier 

conditions by being able to-photosynthesize more at lower light 

intensities. This would allow them to carry on greater photo- 

synthesis in the mornings and evenings with the low solar angles 

and reduced evaporative demand. The greatest within seed source 

variation occurred within the summer measurement period and 

least within the winter period. This fact may reflect 

divergent strategies in photosynthesis during the summer. 

Variation is an important attribute of fitness. 

Light Saturated Photosynthesis 

The light saturation photosynthetic data were the 

collection of those actual photosynthetic measurements obtained 

at the experimental light intensities of .54, .86, and 1.40 ly 

min-1 at the three experimental temperatures. By reducing the 

data by one-half and utilizing the data of the higher 

experimental light intensities a different data analysis 

technique was employed. This is entirely reasonable from the 

Blackman hypothesis, where the initial slope of the light 

photosynthesis curve reflects the light capturing efficiency of 

the plant, while the light saturated portion reflects the CO2 

capturing capacity of the plant. Many factors affect the flow 

of carbon toward ultimate fixation. Most commonly the flow is 

- viewed as an electrical resistance model (Sestak, Catsky, and 
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Jarvis 1971). Of all the resistance components, stomatal 

resistance is the easiest to measure. Stomatal resistance is 

calculated from transpiration measurement of the plant (a 

typical calculation in Appendix 3). Many environmental and 

physiological variables affect stomatal resistance. Though the 

plants in the experiment were well-watered, stomates react 

differently to changes in light intensity and temperature due to 

different histories. In cold frames the day-to-day environment 

will vary. The previous day's climate affects the reaction of 

the plant when measured the following day. These differences in 

day-to-day stomatal activity add a source of variation to the 

photosynthetic data 

Temperature affects the photosynthetic light saturation 

ceiling. Temperature also influences the vapor pressure 

gradient (VPG) within the cuvette. Constant VPG within the 

cuvette was physically and mechanically impossible without a 

lengthy process of changing the ilumidity sensors within the 

measurement system between runs. Therefore, the VPG was allowed 

to float with changing temperature. The VPG influences 

transpiration by exerting a greater energy pull for the flow of 

water vapor from the leaf. The light intensity also affects the 

leaf temperature which was not measured.in this experiment. 

Because of the three interrelated factors discussed above, 

analysis to find seed source and seasonal differences in light 

saturated photosynthesis became complex. Discussion of the 



statistics employed, seasonal differences, and seed source 

differences will be taken up in turn. 

Statistics 

Statistics can tend to become an end in themselves. The 

use of complex experimental designs and covariate analysis may 

destroy credibility by adding too much complexity. However, 

loss of credibility need not occur if the entire statistical 

process is viewed logically. 

Five seed sources were used in the winter experimental 

period, while the other two experimental periods had eight seed 

sources. From the initial regression analysis of the design 

variables (light and temperature) and covariate (stomatal 

conductance), the effects of the independent variables were 

found to be the same within seed sources while different between 

season (Appendices 16 and 17). As a result of unequal seed source 

number with season and independent variable interaction with 

season, analysis was performed separately within each seasonal 

experimental period. 

The individual plant within an experimental period was 

subjected to different light intensities and temperatures 

systematically. Aside from the convenience of manipulating the 

experimental apparatus, the systematic allocation of light and 

temperature yielded reproducible results, while other regimes of 

treatments did not due to possible involvement of injury or 

interaction of previous treatment to acclimation time. The main 

unit of the experiment was the individual plant given systematic 

07 
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treatments. The effect of the individual plant was the average 

of its light and temperature responses (subunits effect). The 

main units were correlated with their subunits. The grouping of 

main units into seed source groups partitions the effect of the 

main unit into between group and within group differences. The 

model then is a completely randomized split plot design: 

y (photosynthetic rate) = + seed source + + light intensity 

+ temperature + light x temperature + main unit x subunit 

interaction + E, with = main unit error and E = subunit error. 

The covariate, stomatal conductance, is related both to 

the main unit and subunits expanding the model: y = + seed 

source + 
b1 

(stomatal conductance) + + light intensity + 

temperature + light x temperature + b2 (stomatal conductance) + 

b3 
(light x stomatal conductance) + by (temperature x stomatal 

conductance) + main unit x subunit interaction + E. 

The covariate introduced complexity that centered on the 

main unit x subunit interactions. The solution involved fitting 

a least squares equation with a minimum of 103 independent 

variables. This is unrealistic within the framework of normal 

computing facilities. However, if the main x subunit inter- 

actions are negligible in the simpler model, without the 

covariate, then the addition of the covariate is assumed not to 

alter the interaction.. If the main x split interaction is found 

to be negligible, only a small amount of precision is lost with 

the effect collapsed into the subunit error. From the seasonal 

analyses without the covariate only the main x subunit 
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interactions are significant within the summer and winter 

periods. The significance in the summer is linked to seed source 

by temperature interaction; in the winter it is linked to seed 

source by light intensity and seed source by temperature inter- 

action. These effects are considered minor, and covariate 

analysis was conducted. Instead of treating light and tempera- 

ture as discrete variables, they are handled for convenience as 

continuous variables in linear and squared terms. Conductance 

was entered as a continuous variable and as an interaction with 

light and temperature. The model was: photosynthetic rate (y) = 

+ seed source + 
b1 

conductance + + 
b2 

temperature + 
b3 

temperature2 + bk light + b5 light2 + b6 light x temperature + 

b7 conductance + b8 conductance x light + b9 conductance x 

temperature + E. What results is a reshuffling of the variation 

from the simpler model. Stomatal conductance, used as a 

covariate, tends to make plants more alike, thus reducing the 

main plot individual plant effect. Stomatal conductance's 

relation to VPG and the relation of VPG to light and temperature 

accounts for the significance shown by the light and temperature 

interactions with stomatal conductance. Though untested, 

stomatal conductance is expected to reduce the main plot x sub- 

unit interaction shifting the differences to the main unit 

individual plant effect. Evidence of the shifting of differences 

is most vivid in the winter period (Table 20 and Table 21). 



Seasons 

The seasonal response of light and temperature to light 

saturated photosynthesis is shown in Figure 6 and light and 

temperature separately in Figures 7 and 8. The differences in 

the light response with season were due to the differences in 

initial slope of the light photosynthesis curves. The changes 

due to temperature are more in the spring and summer than 

winter (Q10 summer = 1.9, Q10 spring = 1. 

The spring period was expected to be more like the summer 

period, but perhaps the spring needles respire more than the 

summer needles thereby reducing the net photosynthetic value. 

The overall effect is for the summer plants to be more responsive 

to temperature changes than spring plants with winter plants the 

least responsive of all. 

Seed Source 

The only seed source differences were in the winter and 

summer. When stomatal conductance is taken into account the only 

seed source differences were in the winter. The winter period 

differences can be attributed to the differences in initial slope 

causing the northern seed sources with greater initial slope to 

be greater than the southern seed sources in photosynthetic 

light saturation analysis. In real terms, the data suggest that 

plants in the winter could never, with natural light intensities, 

become light saturated. The slope differences surely account for 

these differences in light saturated analysis. 

3, Q10 winter = 
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Figure 8. Seasonal response of photosynthesis to light intensity. 



CONCLUSIONS 

Net photosynthesis was measured on 105 plants from 

eight seed sources in three measurement periods. Winter 

measurements were those preceding bud swelling, spring measure- 

ments were those following needle expansion, and summer 

.measurements were those approximately one .month after the spring 

measurement. Seasonal differences in both photosynthetic light 

efficiency and capacity were apparent. Winter produced the 

lowest capacity and efficiency; summer produced the highest 

capacity and efficiency. 

There were no apparent seed source differences with 

respect to Seed source photosynthetic light capacity. Stomatal 

conductance was an important covariate in describing photo- 

synthetic capacity. There were seed source differences in 

photosynthetic light efficiency. Those seed sources from the 

northern Rocky Mountains have a greater efficiency than those 

from the southern Rocky Mountains. The differences in photo- 

synthetic light efficiency are possibly linked to an adaptation 

toward summer drought. A Lambert-Beers law correction is 

promising in achieving a better than previously reported 

estimate of photosynthetic efficiency which is very sensitive 

to accurate light intensity measurement. The amount of within- 

seed-source variation associated with photosynthetic light 

efficiency or capacity is greatest in the summer measurement 

period and when stomatal conductance and morphology is accounted 

for. The increase in variation is viewed as a photosynthetic 
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response of the seedling to maintain a given level of plant 

photosynthesis. The plant responding to the environment with a 

morphological strategy dictates a response of the photosynthetic 

machinery (adaptive physiology). The combination of adaptive 

physiology and plant demand tomaintain a given photosynthetic 

production results in a conservative stability whereby there is 

very little photosynthetic difference between plants. 

The growth forms that govern the display of foliage shape 

the responses of the plant's photosynthetic parameters. Growth 

forms, which are easier to quantify, are more directly cor- 

related to growth than any of the photosynthetic parameters. 

The use of net photosynthetic measurements in tree improvement 

for selection and/or to establish juvenile-mature correlations 

at this time seems to be fruitless. The cost in terms of time 

and effort involved in the procurement of photosynthetic 

information is inefficient when compared to the more direct 

growth information available from a plant. 
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APPENDIX 1 

SPECTRAL ENERGY DISTRIBUTION OF LIGHT SOURCE USED 
IN PHOTOSYNTHETIC MEASUREMENT AT .86 LY MIN-1 
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APPENDIX 2 

CALIBRATION OF THE HUMIDITY SENSORS TO ABSOLUTE HUMIDITY 
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APPENDIX 3 

CALCULATION OF THE TRANSPIRATION RATE 
AND STOMATAL CONDUCTANCE 

With a difference in the two sensors of 0.60 mg 1i20/liter, 

a flow rate of 2.667 liters/minute, and total area of 50.9 cm2 

the transpiration rate is: 

(0.60 mg H20/1)(20667 1/min)(60 min/hr) 1.8859 mg H20/cm2/hr 

50.9 cm2 

The absolute humidity within the cuvette at 15°C is 4.6765 mg 

H20/1. 
The absolute humidity at saturation with the cuvette 

temperature at 15°C is 12.8300 mg H20/1. Thus the absolute 

humidity deficit is 8.1535 mg H20/1 deficit. Stomatal 

resistance is the transpiration rate divided by the vapor 

gradient strength. 

8.1535 mg H20/1 
1000 cm3/liter 

12.0094 sec/cm 
360 sec/hour 

1.8859 mg H20/cm2/hr 

Stomatal conductance is the reciprocal of the stomatal 

resistance. Therefore the stomatal conductance is 

0.083268 cm/sec. 
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*The weighted average temperature of the cuvette and entire 
system was 30°C. 

84 

APPENDIX 4 

CALCULATION OF THE NET PHOTOSYNTHETIC RATE 

106424 liter system 
= 0.0667 moles of gas in 

24.6230 moles/liter at 15°C cuvette* the system 

1 ppm = 10-6 moles 

(0.0667 x 10-6 moles/ppm)(44.01 g/mole CO2) 2.9355 x 10-6 
g/mole 

2.9355 x 10-6(1000 mg/g)(60 min/hour)(1000 mg/g) 176.13 

With a 
CO2 

depression of 3.1111 ppm/min and a total dry needle 

weight of 27403 mg the net photosynthetic rate is: 

LT3.1111 ppm/min)/(27403 mg)7176.13 1.99766 mg CO2/g/hr 

With a 
CO2 

depression of 3.1111 ppm/min and a total surface area 

of one side of the foliage of .25 dm2 the net photosynthetic 

rate is: 

L(301111 ppm/min)/(025 dm2)7017613 = 2.191832 mg CO2/dm2/hr 



APPENDIX 5 

REGRESSION OF LIGHT SATURATED PHOTOSYNTHESIS 
FOR ALL SEASONS 

Model R2 = 19.19 

, 
y = 1.6919+.26053Cond-.047011T+1.0594Lt+.0036189T2-1.0160Lt2 + 

Photosynthetic rate (PSR) = 3.282076296 mg CO2/g/hr 
Conductance (Cond) = .576618941 sec/cm 
Temperature (T) = 20.000°C 
Light intensity (Lt) = .93333334 ly min-1 
Temperature2 (T2) = 416.6666667°C 
Light intensity2 (Lt2) = .99706666 ly 

ruinLtxT = 18.66667 
CondxT = 11.55215114 
CondxLt = .532694522 

ZS) 

.065462LtxT-0049144CondxT+045479CondxLt 

ANOVA 
Source DF SS MS 

Total 
Error 

944 
936 

1925.7373 
1556.2304 1.6626 

Regression 8 369.5069 46.1884 27.7808* 
Lt 1 1.3142 
Lt2 1 6.3323 
Lt+Lt2 2 10.4662 5.2331 
Lt+Lt2+LtxT+CondxLt 4 69.1362 17.2841 10.3958* 
Lt+Lt2+CondxLt 3 
Lt+Lt2+LtxT 3 
T 1 .1730 
T2 1 
T+T2 2 18.1641 9.0821 

2 T+T +LtxT+CondxT 4 289.0464 72.2616 43.4630* 
T+T2+CondxT 3 
T+T2+LtxT 3 
Cond 1 .5816 

Cond+CondxT+CondxLt 3 37.5414 12.5138 7.5266* 
Cond+CondxLt 2 27.8747 13.9374 

Cond+CondxT 
T+Lt+Cond 

2 

3 

13.3089 
2.1224 

6.654745 

T2+Lt2 2 8.0470 4.0235 

CondxT+CondxLt+LtxT 3 27.2753 9.0918 

MEANS 



APPENDIX 6 

SUMMER LIGHT SATURATION RATE REGRESSION 

Model R2 = 46.220129 

y = 4.7180-100825e0nd-.35379T+2.3912M-1.4077Lt2+.0079725T2+ 
0074932LtxT+1.0972CondxT-4.7352CondxLt 

Photosynthetic rate (PSR) = 4.097711978 mg CO2/g/hr 
Conductance (Cond) = .130810585 sec/cm 
Temperature (T) = 20.013927580C 

-1 
Light intensity (Lt) = .933537603 ly min 
Tamperature2 (T2) = 417.2005572°C 

-1 
Light intensity2 (Lt2) = .997783844 ly min 
LtxT = 18.68272980 
CondxT = 2.637678274 
CondxLt = .120632273 

86 

ANOVA 
Source DF SS MS 

Total 359 641.14217 
Error 351 344.8054 .9852 

Regression 8 296.3367 37.0421 37.5986* 
Lt 1 2.4324 
Lt2 1 4.5891 
Lt+Lt2 2 4.8706 2.4353 
Lt+Lt2+LtxT+CondxLt 4 22.4645 5.6161 57005* 
Lt+Lt2+CondxLt 3 9.3251 3.1084 
Lt+Lt2+LtxT 3 17.1475 5.7158 
T, 
11 

1 

1 
3.6989 
3.1619 

. 

T+T2 2 3.8066 1.9033 
T+T2+LtxT+CondxT 4 223.3559 55.8390 56.6778* 
T+T,2+CondxT 3 42.0047 14.0016 
T+T`+LtxT 3 8.74539 2.9151 
Cond 1 4.9805 
Cond+CondxT+CondxLt 3 74.4214 24.8071 25.1798* 
Cond+CondxLt 2 18.8941 9.4470 
Cond+CoadxT 2 46.5909 23.2954 
TtIot+qond 3 12.4133 4.1378 
T`+Ltc 2 7.7114 3.8557 
CondxT+CondxLt+LtxT 3 35.4876 11.8292 

MEANS 



APPENDIX 7 

SPRING LIGHT SATURATION RATE REGRESSION 

Model R2 = 39.53635 

y = 100188+.19677Cond-0043872T+.90710Lt-047608Lt2+.0017947T2+ 
.051027LtxT+.073216CondxT-.080111CondxLt 

Photosynthetic rate (PSR) = 2.9238344 mg CO2/g/hr 
Conductance (Cond) = .767855277 sec/cm 
Temperature (T) = 200C 

. -1 
Light intensity (Lt) = 09333332 1y min . 

Temperature2 (T2) = 416.6666666°c 
Light intensity2 (Lt2) = .997066667 ly min-1 
LtxT = 18.6666666 
CondxT =15.32455278 
CondxLt = .702540727 

87 

ANOVA 
Source DF ss MS 

Total 359 469.016560 
Error 351 283.584531 .8079 
Regression 8 185.4320 23.1790 28.6904* 
Lt 1 .3619 
Lt2 1 .5289 
Lt+Lt2 2 .5311 
Lt+Lt2+LtxT+CondxLt 4 18.2313 4.5578 5.6415* 
Lt+Lt2+CondxLt 3 10.4767 3.4922 
Lt+Lt2+LtxT 3 18.1791 6.0597 

1 .5653 
T2 1 .1601 
T+T2 2 .5934 
T+1+LtxT+CondxT 4 114.4680 28.6165 35.4208* 
T+T,+CondxT 3 12.9018 4.3006 
T+T`+LtxT 3 11.3894 3.7965 
Cond 1 .1135 
Cond+CondxT+CondxLt 3 75.8313 25.2771 31.2874* 
Cond+CondxLt 2 10.2817 5.1409 
Cond+CondxT 2 34.7548 17.3774 
Ttlit+qond 3 .5491 .1830 
T'+Ltc 2 .6874 .3437 

CondxT+CondxLt+LtxT 3 17.1221 5.7074 

MEANS 



APPENDIX 8 

WINTER LIGHT SATURATION RATE REGRESSION 

Model R2 = 37.100391 

y = 3.2386-1.5741Cond-.22998T+1.7514Lt+.0024240T2-1.3340Lt2+ 
.077659LtxT+.099326CondxT+080080CondxLt 

Photosynthetic rate (PSR) = 2.5559862 mg CO2/g/hr 
Conductance (Cond) = .98359333 sec/cm 
Temperature (T) = 20.000°G 

-1 
Light intensity (Lt) = .933333 ly min 
Temperature2 (T2) = 416.66667°C -1 
Light intensity2 (Lt2) = .9970667 ly min 
LtxT = 18.66666 
CondxT = 19.77738000 
CondxLt = .919985226 

88 

ANOVA 
Source DF SS MS 

Total 224 411.7002 
Error 216 258.9578 1.1989 
Regression 8 152.7424 19.0928 15.9253* 
Lt 1 
Lt2 1 
Lt+Lt2 2 

Lt+Lt2+LtxT+CondxLt 4 70.6113 17.6528 
Lt+Lt2+CondxLt 3 
Lt+Lt2+LtxT 3 
T 1 

T2 1 

T+T2 2 

T+T2+LtxT+CondxT 
2 

T+Tp+CondxT 
4 

3 

17.4652 4.3663 

T+T`+LtxT 3 
Cond 1 

Cond+CondxT+CondxLt 3 77.5443 25.8481 

Cond+CondxLt 2 

Cond+CondxT 2 

TtLt+qond 3 

Tc+Lt`. 2 

CondxT+CondxLt+LtxT 3 

MEANS 



APPENDIX 9 

SEED SOURCE 100 LIGHT SATURATION'RATE REGRESSION 

Model R2 = 13.861865 

y = 1.5699+.64252Cond-.048184T+.86171U-1.0064Lt2+.0022641T2+ 
.085423LtxT-.052963CondxT 

Photosynthetic rate (PSR) = 2.563788148 mg CO2/g/hr 
Conductance (Cond) = .62777333 sec/cm 
Temperature (T) = 20.000C 

-1 
Light intensity (Lt) = .9333333 ly min 
Temperature2 (T2) = 416.66666°c 

-1 
Light intensity2 (Lt2). = .997066667 ly min 
LtxT = 18.666666 
CondxT = 12.59307038 
CondxLt = .585699526 

89 

ANOVA 
Source DF SS MS F 

Total 
Error 

134 
126 

280.1768 
241.3391 1.9154 2.5346* 

Regression 8 38.8377 4.8547 
Lt 1 .1241 
Lt2 1 .8877 
Lt+Lt2 2 1.7150 .8575 
Lt+Lt2+LtxT+CondxLt 4 '6.6736 1.6684 
Lt+Lt2+CondxLt 3 2.1348 .7116 
Lt+Lt2+LtxT 
T, 

3 
1 

5.3677 
.0260 

1.7892 

'Pc 1 .0987 
T+T2 2 .54u0 .2730 
T+Ti+LtxT+CondxT 4 21.7768 5.4442 
T+T;+CondxT 3 2.1315 .7105 

T+T'+LtxT 3 16.8375 5.6125 

Cond 1 .6074 

Cond+CondxT+CondxLt 3 15.3397 5.1132 
Cond+CondxLt 2 .6215 .3108 

Cond+CondxT 2 2.6779 1.3390 
TtLt+cond 3 .7595 .2532 

T'+Lt 2 .9834 .4917 

CondxT+CondxLt+LtxT 3 4.1555 1.3852 

MEANS 



SEED SOURCE 200 LIGHT SATURATION RATE REGRESSION 

Model R2 = 21.352940 

y = 4.4715-1.8648Cond-.23463T+.097283Lt-.82301Lt2+.0068161T2+ 
0088553LtxT+.0084416CondxT+1.4635CondxLt 

. 

APPENDIX 10 

Photosynthetic rate (PSR) =3.380716176 mg CO2/g/hr 
Conductance (Cond) = .507382353 sec/cm 
Temperature (T) = 19.96323530°C -1 
Light intensity (Lt) = .936764705 ly min 
Temperature2 (T2) = k15.2573530°C 
Light intensity2 (Lt2) = 1.004147060 ly min-1 
LtxT = 18.68382354 
CondxT = 10.12172426 
CondxLt = .481200205 

90 

ANOVA 
Source DF SS MS 

Total 134 285.9055 
Error 126 224.8562 1.7846 4.2761* 
Regression 8 61.o492 7.6312 
Lt 1 .00l6 
Lt2 1 .5922 
Lt+Lt2 2 2.1081 1.0541 

2 Lt+Lt +LtxT+CondxLt 4 24.3718 6.0929 
Lt+Lt2+CondxLt 3 6.3942 2.1314 
Lt+Lt2+LtxT 3 3.2589 1.0863 
T, 
Tc 

1 
1 

.6112 

.8686 
T+T2 2 1.2241 .6120 
T+T2+LtxT+CondxT 

2 
T+T +CondxT 

4 

3 

38.7138 

1.3955 

9.6785 
.4652 

T+T2+LtxT 3 14.1679 4.7226 
Cond 1 1.9002 
Cond+CondxT+CondxLt 3 6.9118 2.3039 
Cond+CondxLt 2 5.6234 2.8117 
Cond+CondxT 2 6.8203 3.4101 
TtLt+cond 3 2.400 .8001 

Tc+Ltc 2 1.4629 .7314 

CondxT+CondxLt+LtxT 3 7.8381 2.6127 

MEANS 



APPENDIX 11 

SEED SOURCE 300 LIGHT SATURATION RATE REGRESSION 

Model R2 = 30.923421 

y = 5622+1.4569Cond+0072402T+3.3760a-1.7640Lt2+.0024555T2+ 
.026721LtxT-.076086CondxT-.52133CondxLt 

ANOVA 
Source DF SS 

Total 89 159.6871 
Error 81 110.3064 1.3618 4.5327* 
Regression 8 49.3807 6.1726 
Lt 1 1.2616 
Lt2 1 1.8178 
Lt+Lt2 2 1.8229 
Lt+Lt2+LtxT+CondxLt 4 2.9648 

illi" Lt+Lt2+CondxLt 3 2.5544 
Lt+Lt2+LtxT 3 2.9424 .9808 
T 1 , 

1 - Tc 
.0386 
.0749 

T+T2 2 4.7924 2.3962 
T+T2+LtxT+CondxT 

43 
9.9290 

2 
T+T,+CondxT 3 1.6769 
T+T`+LtxT 3 29;.! 8.6433 
Cond 1 1.1130 
Cond+CondxT+CondxLt 3 n11 2.6144 
Cond+CondxLt 2 .6106 
Cond+CondxT 2 1.6438 .8219 

TtLt+cond 3 2.2049 .7350 
Tc+Lt 2 1.8938 .9469 _Cond:T+ConcbcT2210.686 
MEANS 

Photosynthetic rate (PSR) = 3.527456666 mg CO2/g/hr 
Conductance (Cond) = .505957777 sec/cm 
Temperature (T) = 20.0000C 

-1 
Light intensity (Lt) = .933333 ly min 
Temperature2 (T2) = 416.66666°C 

-1 
Light intensity2 (Lt2) = .99706666 ly min 
LtxT = 18.666666 
CondxT = 10.05261666 
CondxLt = .469446355 
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APPENDIX 12 

ShtD SOURCE 400 LIGHT SATURATION RATE REGRESSION 

Model R2 = 31.898999 

y .18294-050536Cond+.078562Temp+1.5726Lt-1.1576Lt2+.000044553T2 
+.063017LtxT-.022848CondxT+.45786CondxLt 

Photosynthetic rate (PSR) =2.885941912 mg CO2/g/hr 
Conductance (Cond) = .682443382 sec/cm 
Temperature (T) = 19096323530°C 
Light intensity (Lt) = .936764706 ly min-1 
Temperature2 (T2) = 415.2573530°C 
Light intensity2 (Lt2) = 1.004147060 ly min-1 
LtxT = 18.68382354 
CondxT = 13.79670220 
CondxLt = .629214220 

ANOVA 
Source DF SS 

Total 134 193.86974 
Error 126 132.0272 1.0478 7.3791* 
Regression 8 61.8425 7.7303 
Lt 1 .4134 
Lt2 1 1.1755 
Lt+Lt2 2 1.5329 .7664 
Lt+Lt2+LtxT+CondxLt 4 16.0384 4.0096 
Lt+Lt2+CondxLt 3 2.4733 .8244 
Lt+Lt2 +LtxT 3 4.0630 1.3543 
T, 
T' 

1 

1 

.06915 

.00003 
T+T2 2 1.4922 .7461 
T+T2+LtxT+CondxT 4 36.5906 9.1477 
T+T2+CondxT 3 1.4941 .4980 

T+T2+LtxT 3 18.5362 6.1787 
Cond. 1 .2832 

Cond+CondxT+CondxLt 3 13.6528 4.5509 

Cond,CondxLt 2 1.05188 .5259 

Cond+CondxT 2 5.3287 2.6644 
TtLt+cond 3 .7808 .2603 
Tc+Lt 2 1.1756 .5878 
CondxT+CondxLt+LtxT 3 2.7773 .9258 

MEANS 



APPENDIX 13 

SEED SOURCE 500 LIGHT SATURATION RATE REGRESSION 

Model R2 = 28.453162 

y = .17409+.24834Cond+.12246T+1.1053U-1.398812-.00091851T2+ 
.10648LtxT-.071489CondxT+076797CondxLt 

- 

Photosynthetic rate (PSR) = 3.568090370 mg CO2/g/hr 
Conductance (Cond) = .641816296 sec/cm 
Temperature (T) 200C 

-1 
Light intensity (Lt) = .933333 ly min 
Temperature2 (T2) = 4160666660c 
Light intensity2 (Lt2) = .99706667 ly min-1 
LtxT 18.666666 
CondxT = 12.8103444 
CondxLt .598172385 
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ANOVA 
Source DF SS MS F 

Total 134 264.4644 
Error 126 189.2159 1.5017 6.2636* 
Regression 8 75.2485 9.4061 
Lt 1 .2021 
Lt2 1 1.7146 
Lt+Lt2 2 3.4468 1.7234 
Lt+Lt2+LtxT+CondxLt 4 23.2364 5.8091 
Lt+Lt2+CondxLt 3 5.0057 1.6686 
Lt+Lt2+LtxT 3 6.3738 2.1246 
T 1 .1667 
T2 1 .0158 

T+T2 2 1.7539 .8770 

T+T2+LtxT+CondxT 4 50.1783 12.5446 
T+T2+CondxT 3 3.2666 1.0889 

T+T2+LtxT 3 32.2951 10.7650 

Cond 1 .0660 

Cond+CondxT+CondxLt 3 9.7111 3.2370 
Cond+CondxLt 2 3.8424 1.9212 

Cond+CondxT 2 7.6829 3.8415 
TtLt+qond 3 .3768 .1256 

Tc+Lt 2 1.7305 .8653 

CondxT+CondxLt+LtxT 3 8.2946 2.7649 

MEANS 



APPENDIX 14 

SEED SOURCE 600 LIGHT SATURATION RATE REGRESSION 

Model R2 = 28.271924 

y = 3.8472+2.6815Cond-.36963T+1.2050Lt-1.1869Le+.011989T2+ 
. .088039LtxT-.13977CondT-.40713CondLt 

Photosynthetic rate (psR) F 2.873958096 mg CO2/g/hr 
Conductance (Cond) = .228287619 sec/cm 
Temperature (T) = 19.85714286°C 
Light intensity (Lt) = .93333 ly min-1 

fm Temperature2 VI2 ) 9.0.7142858°C 
Light intensity2 (Lt ) = .99706667 ly 

ruinLtxT = 18.533 
CondxT 4.689357144 
CondxLt = .213663409 
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ANOVA 
Source DF SS MS 

Total 104 179.3837 
Error 96 128.6685 1.3403 4.7296* 
Regression 8 50.7152 6.3394 
Lt 1 .1917 
Lt2 1 .9588 
Lt+Lt2 2 1.6384 .8192 
Lt+Lt2+LtxT+CondxLt 4 6.1674 1.5418 
Lt+Lt2+CondxLt 3 1.7758 .5919 
Lt+Lt2+LtxT 3 4.6994 1.5665 
T, 
T' 

1 
1 

1.2061 
2.0850 

T+T2 2 4.2044 2.1022 
T+T2+LtxT+CondxT 4 46.4441 10.6110 
T+T2+CondxT 3 5.0427 1.6809 
T+T2+LtxT 3 34.6432 11.5477 

Cond 1 1.3382 

Cond+CondxT+CondxLt 3 3.5981 1.1994 

Cond+CondxLt 2 1.4618 .7309 

Cond+CondxT 2 2.1801 1.0901 

TtLt+qond 
T'+Lt' 

3 
2 3,07074079 

.9242 
1.5204 

CondxT+CondxLt+LtxT 3 3.7301 1.2434 

MEANS 



APPENDIX 15 

SEED SOURCE 700 LIGHT SATURATION RATEREGRESSION 

Model R2 = 17.895437 

= 306190+.115910ond-.1351JT-.77193Lt+.493141,t2+.0085263T2+ 
.013361LtxT-001347CondT+.077056CondxLt 

Photosynthetic rate (PSR) = 3.94424444 mg CO2/g/hr 
Conductance (Cond) = .60923222 sec/cm 
Temperature (T) = 20.0°C 
Light intensity (Lt) = .9333 ly min-1 
Temperature2 (T2) = 1116.6666°c 
Light intensity2 (Lt ) = .9970666 ly min-1 
LtxT = 18.66666 
CondxT = 11.96350556 
CondxLt = .571068422 
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ANOVA 
Source DF SS MS 

Total 
Error 
Regression 

89 
81 
8 

297.0822 
243.9180 
53.1641 

3.01133 2.2068* 
6.6455 

Lt 1 .0662 
Lt2 1 .1419 
Lt+Lt2 2 .1587 .0794 
Lt+Lt2+LtxT+CondxLt 4 .2104 .0526 
Lt+Lt2+CondxLt 3 .1997 .06658 
Lt+Lt2+LtxT 3 .2043 .0681 
T, 

T' 
1 
1 

.1345 

.9012 
T+T2 2 8.1349 4.0674 
T+T+LtxT+CondxT 4 52.0772 13.0193 
T+T +CondxT 3 8.4168 2.8056 
T+T2+LtxT 3 29.2453 9.7484 

Cond 1 .0158 

Cond+CondxT+CondxLt 3 .2655 .0885 

Cond+CondxLt 2 .0847 .0423 
Cond+CondxT 2 .1865 .0925 
Ttlit+qond 3 .2154 .0718 
T'+Ltc- 2 1.0452 .5226 

CondxT+CondxLt+LtxT 3 .1749 .0583 

MEANS 



APPENDIX 16 

SEED SOURCE 800 LIGHT SATURATION RATE REGRESSION 

Model R2 = 20.265655: 

y = 1.3120+045634Cond-.01651T+1.4803Lt+.87516Lt2+.0029191T2+ 
0036863LtxT-.037043CondxT+039658CondxLt 

ANOVA 
Source DF SS MS 

Total 134 201.7921 
Error 126 160.8976 1.2770 4.0030* 
Regression 8 40.8945 .1118 
Lt 1 .3619 

5 

Lt2 1 .6590 
Lt+Lt2 2 .7003 .2334 
Lt+Lt2+LtxT+CondxLt 4 12.4798 3.1199 
Lt+Lt2+CondxLt 3 2.3009 .7670 
Lt+Lt2+LtxT. 3 3.2058 1.0686 
T, 1 .0030 
T' 1 .1571 
T+T2 2 2.4966 1.2483 
T+T2+LtxT+CondxT 4 27.4346 6.8587 

2 
T+T,+CondxT 3 2.7123 .9041 
T+Tc-+LtxT 3 17.2171 5.7390 
Cond 1 :3518 
Cond+CondxT+CondxLt 3 4.4804 1.4935 
Cond+CondxLt 2 3.1230 1.5615 
Cond+CondxT 2 

1:687017: 

.8356 
TtLt+qond 3 .6951 .2317 
Tc+Lt 2 .4037 
CondxT+CondxLt+LtxT 3 3.0947 1.0316 

MEANS 

Photosynthetic rate (PSR) = 3.444704478 mg CO2/g/hr 
Conductance (Cond) = .691728358 sec/cm 
Temperature (T) = 20.03731344°C 

-1 
Light intensity (Lt) = .933880597 ly" min 
Temperature2 (T2) = 418.097015°C 

-1 
Light intensity2 (Lt2) = 0998988060 ly min 
LtxT = 18.7097015 
CondxT = 13.86949626 
CondxLt = 0615684656 
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APPENDIX 17 

TEST FOR DIFFERENT REGRESSIONS WITH SEASONS 

Pooled sum of squares of error = 494.4234, df = 756 

Full model sum of squares of error = 1556.2304, df = 936 

in = number of independent variables = 8 

k = number of models fit = 3 

Ho: 
All m sample regressions functions estimate the same 

population regression. 

HA: 
All m sample regression functions do not estimate the 

sample population regression. 

(SS Total Error-SS Pooled Error) 

F - (m+1)(k-1) 
(SS Pooled Error) 

df Pooled / 

(55602304-494.4234) 
F = 18 

494.4234 

F = 90.1978 

F14,756,005 

Therefore, reject 
Ho: 

in favor of 
HA 

one or all of the sample 

regression function do not estimate the sample population 

regression. 
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APPENDIX 18 

TEST FOR DIFFERENT REGRESSIONS WITH SEED SOURCE 

Pooled sum of squares of error = 1431.2289, df = 888 

Full model sum of squares 6f error = 155602304, df = 936 

m = number of independent variables = 8 

k = number of models fit = 8 

Ho: 
All m sample regressions functions estimate the same 

population regression. 

HA: All in sample regression functions do not estimate the 

sample population regression. 

(CSEFull-SE 

Pooled) 

(m+1)(k-1) F 
SSE Pooled) 
df Pooled 

F = 1.2311 

' . F63,888,.o5 /.; 129 

Therefore, fail to reject the Ho: no evidence indicates reason to 

doubt that the regressions do not have a common population 

regression. 
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