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ABSTRACT 

The climate and CO2 exchange rates of some semi-

arid site ponderosa pine were measured over a four year 

period. Upper crown branches were placed in polyethylene 

enclosures and the CO2 exchange measured by an infrared 

gas analyser. These enclosures had little effect upon the 

natural environment, except through the maintenance of a 

constant wind speed. In this study the wind speed was low. 

Needle temperatures of unenclosed seedlings de

parted significantly from air temperature, and daytime 

needle temperatures of an enclosed seedling were similar 

to those of unenclosed seedlings in low wind conditions. 

Nighttime needle temperatures of the enclosed seedling 

were lower than those of unenclosed seedlings. An energy 

balance analysis was successfully applied to the needle 

temperature measurements of unenclosed seedlings. When 

applied to enclosed seedlings this analysis showed a con

siderable decrease in the amount of radiant energy trans

mitted by the polyethylene, primarily due to the reflection 

of 13% of the long wave radiation. The absorption by the 

seedling of emitted long wave radiation reflected by the 

enclosing polyethylene made it impossible to accurately 

predict the needle temperatures of enclosed branches. 

x 



A distinct, climatically influenced annual CO2 

exchange regime was found with high rates of net CO2 

absorption during non-freezing winter periods, and with 

low net CC>2 absorption or net CO2 evolution during the 

hot, dry summer. With favorable environmental conditions 

high rates of net CO2 absorption were also measured during 

the spring and autumn seasons. Distinct daily regimes of 

CC>2 exchange were found associated with specific environ

mental .conditions. The measurements of C02 exchange ob

tained from the enclosed branch were confirmed as repre

sentative by occasional enclosure and monitering of the 

entire tree. 



INTRODUCTION 

Photosynthesis has been termed "the most important 

physiological process occurring in trees" because their 

growth is dependent upon the produced carbohydrates (Kramer 

and Kozlowski, 1960). It has been established that rates 

of photosynthesis and respiration are influenced by certain 

climatic factors (Franck and Loomis, 1949; Kramer, 1957; 

Rabinowitch, 1945, 1951), and that climate in the south

western United States is highly variable (Green and Sellers, 

1964). 

Douglass (1909, 1919) recognized the relationship 

between climate and radial tree growth, or tree rings, and 

based the science of dendrochronology on this relationship. 

Schulman (1945, 1947, 1956) further expanded this science 

by using tree-ring data to reconstruct hydrologic and 

climatic conditions of the past. With an increase in the 

availability of dendrochronological data, and improved 

computational techniques (Fritts, 1960, 1962a, 1963a) this 

work has continued (Fritts, 1962b, 1963b, 1965). 

By utilizing climatic records and tree-ring data 

basic correlations between climatic factors and tree-ring 

width have been derived (Schulman, 1956; Fritts, 1962b). 

These studies have shown that climatic conditions prior to 

the growth period may influence the amount of radial growth. 

Fritts, Smith, and Stokes (1965) proposed a model in which 

1 
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climate primarily influences tree-ring width by its effect 

on production and accumulation of food. The present study 

was undertaken to evaluate a portion of this model, the 

relationship between climate and CC>2 exchange, and the re

sulting photosynthetic regime of some semi-arid site pon-

derosa pine. 

Much has been written on the relationship between 

climatic factors and growth of conifers (Bassett, 1964; 

Boggess, 1953, 1955; Hellmers, 1963, 1964; Moehring and 

Ralston, 1967; Strothmann, 1967; Watt and McGregor, 1963; 

Zahner and Donnelly, 1967; and others); and between cli

matic factors and CO2 exchange (Bourdeau, 1963; BOurdeau 

and Laverick, 1958; Brix, 1962; Clark, 1961; Decker, 1944, 

1954; Mooney, West, and Brayton, 1966; Negisi and Satoo, 

1961; Pharis, Hellmers, and Schuurmans, 1967; and others); 

and on the relationship between photosynthesis and growth 

(Krueger and Trappe, 1967; Rutter, 1957; Van Den Briessche 

and Wareing, 1966; and others). However, there has been 

very little work on photosynthetic relationships in areas 

where climate is frequently limiting to growth, as in semi-

arid sites, and none on the photosynthesis of ponderosa 

pine under field conditions. This study is an attempt to 

determine the relationship between climate and net photo

synthesis for some ponderosa pine on a semi-arid site. 



METHODS 

Site Description 

The trees selected for this study were growing on 

a south facing slope near the summit of Mt. Bigelow (elev. 

2606 m), approximately 20 air miles northeast of Tucson, 

Arizona. This slope (Appendix A) is fairly rough, with 

predominant granite outcroppings. The soils, where they 

exist, are typically shallow, but may extend to some depth 

in the granite crevasses, and have been classified as Lithic 

Haplustolls (Boul, 1966). 

The woody vegetation on the site consists mainly 

of pine and oak, with ponderosa pine (Pinus ponderosa 

Laws.) being the dominant species. Occasional white pines 

(Pinus flexilis var. reflexa Engelm.) grow in the deep 

soils, and a few, young, Douglas-fir (Pseudotsuga Menziesii 

(Mirb.) Franco) were found on the site. Stands of silver-

leaf oak (Quercus hypoleucoides Camus) and netleaf oak 

(Quercus reticulata Humb.) commonly grow in the shallow 

soils, immediately over the granite, neither exceeding 1.5 m 

in height. Gambel oak (Quercus Gambelii Nutt) grows on the 

somewhat deeper soils and reaches a maximum height of 3 m 

(Appendix A). 
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The tallest ponderosa pine on the xeric site is 

less than 8 m high, while on the more mesic north facing 

slope, less than 200 m distant, ponderosa pine and co-

dominant Douglas fir often exceed 20 m in height. The 

annual growth increments of the ponderosa pine of the site 

were quite variable (average mean sensitivity = 0.39), 

indicating a strong climatic influence upon growth, while 

the open nature of the stand minimized biotic competition. 

Two trees were selected for intensive study. 

Tree #6 was located on an extremely rocky 30° slope, was 

somewhat wind pruned, and obviously environmentally sup

pressed. This tree measured 3.4 m tall, with a 23 cm 

stem dbh, and had a pith date of 1858 at breast height. 

Tree #1 was growing on a relatively level shelf, was 6.0 m 

tall, with a 32 cm stem dbh, and had a pith date of 1851 

at breast height. 

Climatological Data 

Climatological data were already being collected 

on the site by a hygrothermograph (Friez Instrument Div., 

The Bendix Corporation), actinograph (Belfort Instrument 

Company), recording raingauge (Belfort Instrument Company), 

and Colman fiberglas soil moisture units (Beckman Instru

ment Inc.). The sheltered hygrothermograph was located 

approximately 3 m above the ground in the lower crown of 



study tree #5 (Appendix A). The raingauge was located on 

an exposed outcrop at the south edge of the study area, and 

outfitted with a Brooks wind shield (Brooks, 1938) during 

the winter season. The soil moisture values, used in this 

study, are the average of nine Colman soil moisture units, 

with eight of the units varying from a depth of 10-15 cm, 

and one unit at a depth of 60 cm. These nine units were 

used as they afforded a continuous record for the entire 

span of the study. The soil moisture values are reported 

as corrected dial readings following the method of Horton 

(1955) . 

Environment and CO2 Exchange Study 

Various temperatures were measured by copper-

co.nstantan thermocouples, and recorded on a 24 point 

potentiometric recorder (Leeds and Northrup Co.), or a 

12 point digital recorder (Howell Instruments, Inc.). 

A net radiometer (Fritschen, 1963) was installed 

over the crown of tree #6. As this instrument has a milli

volt output, it was necessary to install a "remote junction" 

in the negative side of the radiometer output to avoid a 

spurious junction at the recorder input terminal. This 

"remote junction" and a separately recorded "correction 

junction" were encapsulated in epoxy resin, and buried 

50 cm deep in the soil under the instrument shed. The 
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true radiometer output was then determined by subtracting 

the "correction junction" output from the radiometer plus 

"remote junction" reading. 

Net CC>2 exchange was measured by an "open system" 

technique (Bourdeau and Woodwell, 1965). The CO2 con

centrations were determined by an infra-red gas analyzer 

(Beckmann Instrument Co., Model 115) and recorded on a 

single channel strip chart recorder (Brown Instrument Div., 

Minneapolis-Honeywell Regulator Co.). A gas handling 

system was constructed which automatically selected up to 

six different samples within a 15 minute cycle. 

All electronic instruments were mounted in an en

closed panel lined with copper screening, and well grounded 

to prevent any interference from the three T. V. broad

casting antennas located in the immediate area. In addi

tion, all leadwires and thermocouple extensions were 

enclosed in braided shielding. 

At least three recording dendrographs (Fritts and 

Fritts, 1955) were located on each of the study trees, at 

base, mid, and upper trunk positions, to monitor changes 

in stem size. 

Cylindric branch bags were constructed from 0.004" 

ultraviolet stabilized polyethylene. One end of the cyl

inder was permanently secured to the branch over a modeling 
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clay seal, and the other end was tied shut, which permitted 

easy and rapid access to the bag interior. The branch bags 

were all installed on the south side of the upper crown 

and oriented with the long axis of the cylinder in a hori

zontal plane. They were supplied with air drawn from above 

the forest canopy, at a height of 6 m, by an impeller-

type gas pump (Sutorbilt Corp.) capable of delivering 

13 m^ per minute. The air then passed through a heat 

exchanger to a manifold where it was metered to the bags 

by either manometers or flow meters. Another, small, heat 

exchanger was located in the crown of the trees to insure 

that the air entered the bags at crown temperature. The 

air was transmitted to the individual branch bags by 

silvered 1" ID vinyl coated rubber garden hose. The hose 

extended to the far end of the bag, so that the air flowed 

back over the needle tissue and exited through a short 

length of similar hose at the branch base. This arrange

ment insured a slight positive pressure within the bags, 

keeping them inflated. The bags had a~diameter of 51 cm 

and a length of 56 cm, and were supplied with 90 liters of 

air per minute, which provided an air turnover time of 

1.25 minutes. The average wind speed through an empty 

bag was calculated to be 0.72 cm/sec (0.017 mph). The 

branch bags were kept in constant operation, over the same 

tissue, for up to 19 months, with termination being caused 
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by such catastrophic events as a prolonged failure of the 

air supply and subsequent damage to the enclosed tissue. 

Any dead needle tissue was removed from the branch bags, 

oven dried for 48 hours at 103°C, and weighed. Upon 

termination of the branch bag,, all of the enclosed tissue 

was harvested and the oven dry weight determined. 

Gas samples for,CO2 determination were withdrawn 

from the air supply manifold and from the exit tube of each 

bag. This allowed for the measurement of C02 concentration 

in both the a:ir supplied to, and exiting from each bag. 

Any difference between the two values was attributed to 

addition, or removal, of CO2 by the enclosed needle tissue. 

The recorded values were read at half-hour intervals during 

the day and at hour intervals during stable night con

ditions. Using the basic equation of Hesketh and Musgrave 

(1962), a computer program was developed which calculated 

the instantaneous rate of exchange, and the total net 

respiration, net photosynthesis, and the total net exchange 

for the day, night and entire 24 hour period. The day 

period was defined as 6:00 am to 6:00 pm, and the night 

was 6:00 pm to 6:00 am the following calendar day. The 

CC>2 exchange values were then expressed as milligrams per 

gram weight oven dry needle tissue per minute. 

At various times a large polyethylene enclosure 

was placed entirely over tree #6, and measurements taken 
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for at least two days. This enclosure had a diameter of 

3.6 m, and when erected on the slope, a north side-wall 

height of 3.6m and a south side-wall height of 5.5 m. 

The air flow through this enclosure was maintained at 

either 200 or 250 m^ per minute, and the outlet size was 

regulated to provide a slight positive pressure (0.5 mm 

Hg) to insure self-support. Temperature control was main

tained by cooling the inlet air, by refrigeration, and by 

using internal fans and baffles to facilitate mixing. The 

monitoring system for this large enclosure was similar to 

that for the branch bags. 

Needle Temperature Study 

Due to instrument availability, needle temperature 

studies were conducted in Tucson, utilizing seedlings. In 

December, 1966, five 5-7 year old ponderosa pine seedlings 

were removed from Mt. Bigelow, placed in five-gallon pots, 

and taken to Tucson. These seedlings were kept under shade 

conditions with the soil moisture near field capacity. In 

February, 1967, two seedlings were selected for study on 

the basis of uniform size and crown characteristics. 

A 12 foot beam balance, with a 2:1 arm ratio, was 

constructed for the measurement of water loss, and found 

to be accurate to ±0.1 cc of water. All measurements were 

made with the pots sealed with polyethylene sheeting, and 
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the vertical movement of the balance limited to 5 cm. 

Transpiration was recorded as the amount of water loss 

per plant per hour." 

Temperatures were measured by both thermocouples 

and thermistors, shaded and ventilated for air temperature 

determinations. Air temperature and atmospheric relative 

humidity was also measured by a sheltered, recording 

hygrothermograph. Wind was measured by a three cup, 

totalizing anemometer placed at seedling crown height. 

Solar radiation was measured by a horizontal silicon 

solar cell (International Rectifier Corp., #S1M) which 

had been calibrated against an Epply 180° pyrheliometer. 

The values obtained during these experiments were verified 

by a comparison with the Epply 18 0° pyrheliometer main

tained by the Environmental Research Laboratory of the 

University of Arizona, located approximately one mile 

north. 

Needle temperatures were determined by a Barnes 

"Optitherm" infrared thermometer. The calibration of this 

instrument was checked by Dr. J. J. Riley (Institute of 

Atmospheric Physics, Univ. of Arizona). The sensing head 

of the instrument was placed slightly above the northeast 

side of the seedling, with a downward angle of approxi

mately 45°, thus viewing the upper crown of the seedling 

with a target size of 3-7 cm. To insure that the field 



of view included only needle tissue, a 100 watt light bulb 

was passed behind the seedling at night, and the instrument 

observed for any temperature change. 

Before each run the seedling was well watered and 

the top of the pot sealed with polyethylene. The pot was 

then drained for 48 hours. Readings of needle temperature, 

air temperature, radiation, and wind were recorded at half 

hour intervals during the day, and at hour intervals during 

most of the night. Occasionally, observations were made at 

15 second intervals for a 10 minute period. 

A total of seven days, and nights of information 

was collected from mid-February to early March. 

To determine the effect of enclosure upon needle 

temperature a seedling was enclosed in a polyethylene bag 

of the same dimensions as those incorporated in the Mt. 

Bigelow studies. The airflow was maintained at 90 1/min, 

and the air supply was cooled to ambient temperature. 

Since the air supply hose affected the balance movement, 

transpiration of the enclosed seedling was not measured. 

Other measurements were made as described above. Three 

days of information were collected on the enclosed seedling. 

The effects of different environmental conditions 

and enclosure on needle temperature were evaluated with 

these data and an energy balance analysis. 



RESULTS 

Bag Evaluation 

To evaluate the bag technique and test for any-

possible "bag effect" branch bags were operated empty, 

containing only the woody branch, and enclosing a com

plete branch-needle system. 

A CO2 differential between the inlet and outlet 

airstreams was found only when needle tissue was enclosed. 

There was no appreciable temperature differential between 

the inlet and outlet airstreams when the bags were empty. 

There was a slight temperature differential in the air-

stream of bags containing just a branch, and when the entire 

living branch-needle complex was enclosed the airstream 

temperature differential was increased. This temperature 

differential appeared to be directly related to the amount 

of tissue enclosed. Table 1 shows that this temperature 

differential was greatest under conditions of high radiation 

and low soil moisture. Table 1 also indicates that the 

average day air temperature in the crown of tree #6 was 

generally warmer than that recorded by the hygrothermograph, 

and the degree of temperature control of the inlet airstream 

may be seen. 

12 
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Table 1. Typical average day period enclosure temperatures, 
and environmental conditions. 

Cloudy Days 

2/25/67 7/23/67 6/25/67 

Radiation (ly). 113.4 335.1 354.3 

Soil Moisture (Col.) 81.0 133.0 47.0 

Hygrotherm. Temp. (°C) 2.2 17.3 17.9 

Crown Temp., #6 (°C) 2.2 17.2 20.1 

Enclosed Branch with Needles 

Inlet Temp. (°C) 3.1 18.1 20.2 

Outlet Temp. (°C) 4.0 18.9 22.8 

Difference (°C) 0.9 0.8 2.6 

Enclosed Branch without Needles 

Inlet Temp. (°C) 18.5 20.0 

Outlet Temp. (°C) 18.5 20.3 

Difference (°C) 0.0 0.3 
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Table 1. (Continued) 

Clear Days 

2/27/67 7/21/67 6/22/67 

Radiation (ly) 545. 4 642.0 794.7 

Soil Moisture (Col.) 81. 0 133.0 47.0 

Hygrotherm. Temp. (°C) 4. 8 19.3 22.5 

Crown Temp., #6 (°C) 8. 3 22.7 23.4 

Enclosed Branch with Needles 

Inlet Temp. (°C) 8. 9 23.8 25.2 

Outlet Temp. (°C) 13 • 0 27.6 30.9 

Difference (°C) 4. 1 3.8 5.7 

Enclosed Branch without Needles 

Inlet Temp. (°C) 23.8 25.4 

Outlet Temp. (°C) 25.2 26. 9 

Difference (°C) 1.4 1.5 
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A shaded thermocouple placed among the needles en

closed by a bag indicated that during the day the air 

temperature adjacent to the needles was generally higher 

than the temperature of the outlet air. During the night 

this temperature gradient was reversed, and the outlet air 

was cooler than the inlet air. 

The light transmission of the bag polyethylene was 

measured by placing a sheet of the material over an Epply 

180° pyrheliometer, and reported by Carl N. Hodges (personal 

communication) to be slightly over 95%. An attempt to 

measure the effect of the bag upon net radiation was made 

by mounting the Fritschen net radiometer inside the bag, 

directly over the branch. The bag was then alternately 

removed and replaced, and the net radiation compared to the 

total downcoming solar radiation as measured by an un

enclosed Epply 18 0° pyrheliometer. 

The average results for three days, including both 

clear and cloudy conditions, showed a 12% decrease by the 

bag of the measured net radiation. Typical measurements, 

for a summer day, are shown in Fig. 1. On this day low 

radiation values were recorded during periods of mid-

afternoon cloudiness, as well as in the morning and evening. 

There is a considerable overlap in measurements between the 

"bag on" and "bag off" conditions, but the measured net 

radiation is clearly reduced by the branch bag. However, 



16 

-0.2-
Bag off 

@ Bag on -0.3-

i——( 1 1 1 1 1 1 1 r 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 
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Figure 1. Reduction of net radiation by the polyethylene 
"branch bag". 



with the Fritschen net radiometer it is impossible to de

termine if such a decrease is the result of a reduced 

downward flux, or to an increased upward flux. A test 

for the homogeneity of the regression coefficients (Li, 

1964) showed that the slopes of the "bag on" and "bag 

off" regression lines are not significantly different 

at the 0.05 level (F^ 2.59=3.09). 

Needle Temperature 

The needle temperatures of ponderosa pine seedlings 

were found to be quite variable and to exhibit considerable 

departures from air temperature. Figure 2 illustrates 

typical results, under a variety of environmental con

ditions. These data were taken on March 2, 3, 4, 1967, 

and utilized the same seedling and monitoring system. 

March 2 was a relatively clear day, with little 

wind, and with mid-day temperatures around 30°C. The in

crease of needle temperature above air temperature was 

considerable, with a maximum increase of 9.2°C (16.5°F). 

This maximum increase occurred under a combination of high 

radiation and low wind speed. The variability in needle 

temperatures can be attributed to the variable nature of 

the wind, a feature observed but not reflected by the half-

hour total wind measurements. A mid-day depression in 

transpiration was found during the period of high radiation. 
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figure 2. Solar radiation, total wind per half-hour, de

parture of needle temperature from air tem
perature, and transpiration per hour of an 
unenclosed seedling, March 2, 1967. 



The 3:00-4:00 pm total tra.nspirati.on is not considered to 

be accurate because the measuring balance was disturbed 

during that period. 

March 3 was a clear, windy day, with mid-day tem

peratures around 30°C. The maximum needle temperature 

increase, over air temperature, was 4.1°C (7.5°F), and in 

contrast to March 2, the observed more constant wind speed 

in the afternoon of March 3 (Figure 3) resulted in less 

variable needle temperatures. Again, a mid-day depression 

in transpiration was measured. 

During the heavily overcast morning of March 4 

(Figure 4), needle temperatures remained below air tem

perature, and rose slightly above air temperature during 

the clear afternoon. A significant needle temperature in

crease was prevented by the fairly high wind speeds during 

the clear afternoon period. Air temperature did not exceed 

26°C on this day. While a mid-day depression in transpi

ration is obvious, the total amount of transpiration was 

considerably less than that observed on the two preceding 

clear and warmer days. 

Needle temperatures at night were found to be 4.4°C 

(8.0°F) below air temperature, under clear sky and still 

air conditions. This departure decreased with increasing 

wind speed and cloud cover. 
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Figure 3. Solar radiation, total wind per half-hour, de
parture of needle temperature from air tem
perature, and transpiration per hour of an 
unenclosed seedling, March 3, 1967. 
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Figure 4. Solar radiation, total wind per half-hour, de
parture of needle temperature from air tem
perature, and transpiration per hour of an 
unenclosed seedling, March 4, 1967. 
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Needle temperatures measured at 15 second intervals 

were found to be quite variable, fluctuating as much as 

2.8°C under a constant radiational load. It is felt that 

this variability was due to fluctuations in wind speed. 

However, the anemometer used in this experiment was not 

sufficiently sensitive to detect such changes. 

The method of measuring needle temperature by 

winding a micro-thermocouple (4 mil) around the needle, 

with the sensing junction in contact with the epidermis, 

was also evaluated. This method measured a variable tem

perature and needle surface temperature, as measured by 

the infra-red thermometer. Attempts to determine needle 

temperature by inserting the junction into the needle 

mesophyll were abandoned when anatomical studies showed 

that the average mesophyll was a maximum of five cells 

thick and had a maximum thickness of 0.6 mils (Drew, 1967). 

The insertion of a 4 mil wire would doubtless have seriously 

damaged the vascular system, and greatly altered the energy 

relations of the needle tissue. 

Needle temperatures within the polyethylene "branch 

bag", on a slightly overcast day (Figure 5) varied in direct 

relationship with radiation, and lacked the variation 

previously attributed to varying wind speed. The maximum 

difference between needle temperature and the bag inlet, 

or ambient, air temperature was 9.2°C (16.5°F). However, 
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at night the needle temperatures ranged from 5.6°C to 7.3°C 

below the bag inlet air temperature. 

The temperature difference between the bag inlet 

and bag outlet airstreams closely followed the difference 

between the needle and bag inlet air temperatures, but was 

of a smaller magnitude, with a maximum daytime differential 

of 4.0°C. These results demonstrate that the heating of the 

air passing through the bag can be attributed to sensible 

heat transfer, via convection, between the branch-needle 

system and the airstream. 

The measurements of downcoming solar radiation on 

a horizontal surface showed an average decrease within the 

bag of 4.5%. This figure compares favorably with the 

transmission figure of "slightly over 95%", reported by 

Hodges (personal communication). 

The Energy Balance 

A plant not in energetic equilibrium with its 

environment would be either indefinitely heating or cooling. 

Obviously, this is not the case, so the plant must be in 

equilibrium with its environment, with the amount of energy 

being lost equal to that being gained. For convenience, 

the relatively minor storage factor can be ignored, and the 

plant assumed to be maintaining an instantaneous equilibrium 

with its environment. Then, the rate of energy transfer 
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between the plant and the environment will determine the 

equilibrium temperature of the plant (Gates, 1965). 

The plant receives energy from solar radiation, 

both direct and diffuse; thermal radiation from the atmos

phere; and thermal radiation from the ground. The plant 

will lose energy by thermal radiation and transpiration. 

The energy utilized in metabolism is relatively minor and 

may be ignored. Depending upon the direction of the energy 

gradient sensible heat transfer, via convection, will 

represent either a loss or gain of energy. 

The effectiveness of energy transfer between the 

plant and the environment is governed by physical properties 

of the plant that "couple" it to the environment. These 

coupling factors are the coefficients of absorption and 

convection, and the surface areas effective in the different 

processes of energy transfer. The coefficients and effective 

areas differ according to the properties of the various 

environmental parameters and the physical and geometric 

properties of the plant. The coefficients and effective 

areas for ponderosa pine have been derived by Gates, Tibbals 

and Kreith (1965), and are utilized in the following dis

cussion. A cast silver replica of a ponderosa pine branch 

was used to obtain these values. The total surface area 

of this replica was determined by measuring the current flow 

when the replica was placed in an electrolytic solution. 
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The replica was then placed in an evacuated chamber and ex

posed to different radiation streams and the heating rate 

measured to determine the effective areas involved in radia

tion exchange. The convection coefficients were determined 

by measuring the cooling rate of the replica suspended in a 

wind tunnel. The methodology has been explained in detail 

by Tibbals, Carr, Gates, and Kreith (1964). 

The silver replica was cast from an unbranched shoot 

with a total surface area of 364 cm^. Thus, the coefficients 

and effective areas derived from this replica might not be 

applicable to a complete branch system with intensive inter-

shading effects. However, they might apply to vertically 

oriented seedlings and exposed upper branches such as used 

in the CO2 exchange study. 

Direct Solar Radiation (S) 

Direct solar radiation is considered to originate 

from a point source (the sun) and reaches the receiving 

surface in near parallel rays. The amount absorbed by a 

unit area of the plant is determined by a coefficient of 

absorption (as = 0.70), the effective area of absorption 

(Aes = 0.29), and the amount of direct solar radiation (S). 

Thus the total amount of direct solar radiation absorbed 

per unit area is (ag) (Aeg) (S) = (0.70) (0.29) (S) . 
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Diffuse Solar Radiation (s) 

Diffuse solar radiation, or skylight, is considered 

to be hemispheric in origin due to the scattering effect of 

atmospheric dust, air molecules, etc. The ratio of diffuse 

to direct solar radiation will vary both with sun angle and 

atmospheric conditions. The amount of diffuse solar radi

ation absorbed per unit area will be determined by the 

coefficient of absorption (ag = 0.80), the effective area 

of absorption (Aeey2 = 0.425), and the amount of diffuse 

solar radiation (s). The total diffuse solar radiation 

absorbed, per unit area, will be (as) (Aee/2 ŝ̂  = ^0.80) 

(0.425) (s) . 

Reflected Solar Radiation 

The amount of reflected solar radiation will be a 

function of the amount of solar radiation (S + s) and the 

reflectivity, or albedo, of the underlying surface (r). 

We may assume a vegetated underlying surface and adopt the 

reflectivity coefficient utilized by Gates et al. (1965) 

of r = 0.10. This value is in good agreement with those 

reported by Loomis (1965), Federer and Tanner (1966), and 

Billings and Morris (1951), but somewhat lower than the 

values reported by Birkebak and Birkebak (1964). The 

reflected radiation reaching the plant may be assumed to be 

diffuse in nature and hemispheric in origin. Therefore 

the reflected radiation absorbed by a unit area can be 



expressed as: (r)(S + s)(as)(Aee/2) = (0.10)(S + s)(0.80) 

(0.425). 

The total solar energy absorbed per unit area of 

plant surface can then be expressed as: 

(aS> (AeS> (S) + (as^ (Aee/2^ + (r) (s + s> {asJ (Aee/2^ 

or, 

(0.70) (0.29) (S) + (0.80) (0.425) (s) + 

(0.10) (S + s) (0.80) (0.425). 

Thermal Radiation from the Ground (Rg) 

The thermal radiation from the ground may be cal

culated by the Stefan-Boltzmann law, Rg = e cr T4, where e 

is the emissivity of the radiation surface, a is the 

Stefan-Boltzmann constant (7.92 x 10 ̂  ly/min) (Gates 

et al., 1965), and T is the temperature, in degrees Kelvin, 

of the radiating surface. The amount of thermal radiation 

from the ground absorbed by the plant will be determined 

by the coefficient of absorption (a^. = 0.97) and the 

effective area of absorption (Aee//2 = 0.425). Again as

suming the ground surface to be vegetated, we may say that 

at = e = 0.97. Then the amount of ground radiation ab

sorbed, per unit surface area, will be: 

(e) ( a ) (T4) (at) (Aee/2) = (0.97) (7.92 x 10"11) (T4) (0.425) 

cal/min. 
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Thermal Radiation from the Atmosphere (Ra) 

Atmospheric thermal radiation is emitted by the 

various atmospheric components, water vapor, oxygen, carbon 

dioxide, etc. The amount of atmospheric water vapor is the 

most important variable, affecting both the total energy 

emitted and the atmospheric emissivity (Bliss, 1961). 

Estimates of Ra may be obtained by the application of 

several emperical equations, one of the most common being 

the Brunt formula, Ra = c T4(0.44 + 0.08 e), where a is 

the Stefan-Boltzmann constant, T is the surface air tem

perature in degrees Kelvin, and e is the partial pressure 

of the water vapor at the surface expressed in millibars 

(Gates, 1962). The amount of Ra absorbed per unit surface 

area is then: 

(at)(Aee/2)( o T4(0.44 + 0.08 e)). 

Convection (C) 

Convection, or sensible heat transfer, will rep

resent either an energy loss or gain by the plant depending 

on whether the leaf temperature is above or below the am

bient air temperature. The rate of convection may be ex

pressed as: 

C = hcAdT, 

where he is a convection coefficient, A is the plant surface 

area, and dT is the temperature difference between the plant 

and the surrounding air, in degrees Centigrade. Gates 
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et al. (1965) found that for free convection, occurring in 

still air: 

he o 0.011 + 3.6 x 10-11(dT)°*3cal/cm2/min/°C, 

and that for forced convection, occurring under windy 

conditions: 

he = (18.0 + 0.71V)10~3cal/cm2/min/°C, 

where V is the wind velocity in cm/sec. 

Emitted Radiation (Rt) 

The radiation emitted by the plant represents an 

energy loss and may be calculated by the Stefan-Boltzmann 

law, R.J. = e oT^, The emissivity of the plant, e, will be 

the same as its absorptivity to thermal radiation, e = at = 

0.97, and as the plant radiates in all directions, the 

effective area will be Aee = 0.85. Therefore, the amount 

of thermal energy radiated by the plant will be: 

Rt = (e) ( a ) (T4) (Aee) = 

(0.97)(7.92 x 10"11)(T4)(0.85) cal/cm2/min. 

Transpiration (LE) 

Transpiration comprises the other main energy loss 

from the plant, and may be calculated by (L)(E)/A, where L 

is the heat of vaporization of water at leaf temperature, 

E is the rate of transpiration, and A is the transpiring 

surface area. 
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Thus, specifying the coefficients of absorption 

and convection, and the effective areas, it is only neces

sary to know the seven variables, direct and diffuse solar 

radiation, air temperature, atmospheric moisture content, 

ground surface temperature, needle temperature, and tran

spiration rate, for a complete solution of the energy 

balance. Or, by specifying any six of the variables it is 

possible to solve for the seventh. 

Application of the Energy Balance 

Unenclosed Seedlings 

Using the above mentioned coefficients for pon-

derosa pine, derived by Gates et al. (1965), it is possible 

to construct a chart such as Figure 6 showing the energy 

absorbed per square centimeter of needle surface and the 

contribution of each of the energy balance components. 

Atmospheric radiation was calculated by the Brunt 

formula, and assuming the water vapor pressure to be a 

constant 6.09 mb (50% R.H. at 10°C). The sum of Ra + Rg 
o 

represents the total thermal radiation absorbed per cirr 

of needle surface, and the upper line, Rg + Ra + (S + s), 

represents the total energy absorbed per cm of needle 

surface. 

To be consistent with the examples of Gates et al. 

(1965) and Tibbals et al. (1964), a value of 1.2 cal/cm^/min 



Figure 6. Energy exchange of unenclosed ponderosa pine. 

The energy exchange is shown for various tem
peratures and wind speeds, with 1.2 langleys 
solar radiation and 6.09 mb atmospheric water 
vapor. The solid lines show the energy ab
sorbed by a cm2 of tissue, at the given tem
perature. The dashed lines show the energy 
lost by a cm2 of tissue at the given tem
peratures, with the cluster of lines at 5°C 
and 25°C showing the convection losses for 
various wind speeds. The single dotted con
vection lines represent specific examples 
(see text). 

Rg = thermal radiation from the ground 
Ra = thermal radiation from the atmosphere 
Rt = thermal radiation from the seedling 
S = direct beam solar radiation 
s = diffuse solar radiation 
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was used for the downcoming radiation, with 1.15 cal/cm / 

min being direct beam, and 0.05 cal/cija^/min being diffuse 

solar radiation. 

It is interesting to note the contribution of the 

various environmental components. At a temperature of 

25°C and with a solar radiation load of 1.2 cal/cm^/min, 

only 41.6% of the total radiant energy absorbed by the 

needles can be attributed to solar radiation, with the 

remaining 58.4% being thermal radiation; Rg = 35.7%, and 

Ra = 22.7%. In order for the amount of solar and thermal 

radiation absorbed by the needles to be equal it would be 

necessary for solar radiation to be <pa. 1.7 cal/cm^/min. 

Budelsky (personal communication) found maximum 

transpiration rates of 0.008 gms/dm^/min for the enclosed 

mature ponderosa pine utilized in the Mt. Bigelow study. 

This value is in agreement with reports for southern pines 

(Kramer and Kozlowski, 1960). Assuming a maximum rate of 

transpiration for ponderosa pine to be 0.01 gm/dmz/min, 

the maximum rate of energy loss due to transpiration will 

be 0.058 cal/cm^/min at a needle temperature of 30°C. 

However, measured transpiration in the seedling study 

utilizing unenclosed seedlings showed a maximum tran

spiration rate of 0.003 gm/dm2/min, qr a maximum energy 

loss via transpiration of 0.02 cal/cnr/min. Therefore, 

the effect of transpiration will be relatively small and 



it has been ignored in Figure 6. Transpirational energy 

could,, however, be added to the emitted radiation line, or 

subtracted from the total energy absorbed to give the 

effective absorbed energy (Gates et al., 1965). 

In Figure 6, the dashed lines represent the energy 

lost, by the needles, with the Rt line being the amount 

of emitted radiation. The cluster of lines centering at 

5°C and 25°C show the rate of sensible heat transfer, via 

convection, for various wind speeds. 

As stated above, the plant will maintain an equi

librium temperature, where the amount of energy lost and 

the amount gained are equal. Therefore, the needle tem

peratures for various conditions can be found from Figure 

6 by locating the point where the energy lost is equal to 

that absorbed, or the intersection of the solid and dashed 

lines. 

Thus with an air temperature of 25°C, a solar 

radiational load of 1.2 cal/cm /min, and still air, the 

needle temperature will be 35.5°C, or dT = +10.5°C. With 

a wind speed of 1 mph, dT = +4.0°C, and with 5 mph of wind, 

dT = +1.1°C. This illustrates the significance of con-

vectional cooling in pine needles. At 25°C a wind speed 

of 1 mph effectively removes 0.041 cal/cm /min more than 

free convection. A wind speed of 5 mph removes an 
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2 additional 0.058 cal/cm /min, an effective removal of 

energy as great as the maximum effect of transpirational 

reported above. 

At night the radiant energy absorbed by the needles 

will be that of Ra + Rg, which is less than the thermal 

radiation emitted. Therefore, convection will transfer 

sensible heat to the needles, and act as a warming rather 

than a cooling agent. Again, the needle temperatures may 

be found in Figure 5 by locating the intersection of the 

convection and energy absorbed (Ra + Rg) lines. Thus at 

night, in still air, with a temperature of 25°C, the needle 

temperature will be 19.7°C, or dT = -5.3°C. With a wind 

speed of 1 mph the dT would be reduced to -1.9°C. At a 

more reasonable night air temperature of 5°C the needle 

temperature in still air would be 1.2°C, or dT = -3.8°C. 

The above discussion incorporated the assumption 

that the vegetated ground surface will have an energy 

balance similar to that of the pine needles and thus will 

be emitting Rg at needle temperature. 

When this energy balance analysis was applied to 

the measured needle temperatures, excellent results were 

obtained for needle temperatures recorded under reasonably 

stable environmental conditions. 

The two extreme departures of needle temperature 

from air temperature of unenclosed seedlings, were recorded 
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on March 2 (Figure 2). At 12:00 noon, with an air tem

perature of 28.1°C and downcoming solar radiation of 1.2 

cal/cm^/min, the needle temperature was 37.2°C, or dT = 

+9.1°C. Assuming a wind speed of 0.1 mph, the average for 

that period, a convection line (dotted line in Figure 6) 

can be drawn from 28.1°C to obtain a predicted needle tem

perature of 37.5°C, or dT = +9.4°C. The measured tran

spiration rate of 0.03 mg/dm^/min (Figure 2) will remove 

0.002 cal/cm /min, lowering the predicted needle temperature 

to 37.3°C, or dT = +9.2°C. 

The greatest nighttime temperature departure was 

recorded at 10:30 pm, March 2, under clear sky and still 

air conditions. Needle temperatures were 7.2°C, 4.5°C 

below the air temperature of 11.7°C. As shown by the dotted 

line in Figure 6, this is the equilibrium temperature ex

pected under these conditions. 

Enclosed Seedlings 

The enclosure of seedliiigS by a polyethylene bag 

will affect both the wind speed and the radiational load. 

The wind speed can be arbitrarly maintained at any level 

(in these experiments 0.02 mph), while the effect of the 

polyethylene film upon radiation will primarily be de

termined by the film surface and thickness. 

For the purpose of energy budget analysis, a trans

mission figure of 95% was used for incident solar radiation. 



The polyethylene will reflect, transmit, and absorb long 

wave infra-red radiation, from the ground and atmosphere. 

It will also radiate long wave infra-red radiation in ac

cordance with the Wein displacement law, and the Stefan-

Boltzmann law. The amount of thermal radiation reflected 

will be a function of the reflectivity of the film surface. 

Soumi, Staley and Kuhn (1960) calculated the reflectance 

of polyethylene film to be 0.16, while his measurements 

showed the actual value to be closer to 0.13. Accordingly 

a reflectance value of 0.13 was used in this analysis. 

Lambert's law states that transmission of energy will be 

a function to the absorption coefficient and the thickness 

of the absorbing medium. Therefore, the absorptivity and 

emissivity of polyethylene will increase with increasing 

film thickness. A spectral analysis (Appendix B), using 

an infrared spectrophotometer (Perkin-Elmer Corp., Model 

#137), showed that the polyethylene used in this study 

transmitted 78% of the radiation with a wavelength between 

2.5 and 15.0 microns. Since the polyethylene reflects and 

transmits 91% of the longwave radiation the absorptivity 

and emissivity must be 9%. The spectral analysis also 

showed that the polyethylene has strong absorption bands 

at 3.3 - 4.0, 6.7 - 8.0, and 13.4 - 14.4 microns. The 

6.7 - 8.0 micron absorption band falls within the 5.2 -

8.0 micron water vapor emission band, and the 13.4 - 14.4 
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micron absorption band falls within the 11.3 - 17.8 micron 

CO2 emission band. Thus, due to spectral emission dif

ferences, the transmission of atmospheric radiation will 

be reduced compared to the transmission near black body 

radiation from the ground. With an atmospheric water vapor 

content of 6.09 mb, the transmission of atmospheric radiation 

was found to the ca. 75%. 

The total thermal radiation load upon an unenclosed 

seedling can be expressed as: 

Ra + Rg, or, Ra + (0.97) a Tg4, 

where Tg is the temperature of the ground surface in degrees 

Kelvin. With a polyethylene enclosure this thermal radi-

ational load becomes: 

0.75Ra + 0.7 8 Rg + Rp, 

where Rp is the thermal radiation from the polyethylene. 

Assuming isothermal conditions, ie. Tg = Tp,,the thermal 

radiational load can be expressed as: 

0.75Ra + (0.78)(0.97)aTg4 + 0.09aTp4 

or, 

0.75Ra + 0.85 a T4, 

where Tp is the temperature of the polyethylene. Con

sidering the coefficients of absorption and effective areas 

the total thermal radiation absorbed by unenclosed needles 

is: 

0.4lRa + 0.41 a T4, 
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while for enclosed needles the thermal energy absorbed 

becomes: 

0.3lRa + 0.37 a T4. 

This represents a substantial reduction in absorbed thermal 

radiation. So far, this analysis has neglected the internal 

reflection of thermal radiation from the enclosed needles 

which is a function of the spatial relationship between 

the enclosed tissue and the enclosing polyethylene. As

suming isothermal conditions, and that the tissue completely 

fills the enclosure, and thus intercepts 100% of the thermal 

radiation internally reflected by the polyethylene, the 

total thermal radiation absorbed by the needles becomes: 

0.31Ra + 0.47aT4. 

In this study the interception appeared to be ca. 16%, 

rather than the 100% assumed above. 

The reduction in both thermal and solar radiation 

absorbed by enclosed needles (neglecting internal re

flection) is shown in Figure 7. The greatest needle tem

perature departure from bag inlet temperature occurred 

at 11:30 am, March 11, when the bag inlet temperature was 

27.2°C and needle temperature was 37.5°C. As determined 

from the dotted line in Figure 7, the needle temperature 

of unenclosed tissue, in still air would be 37.8°C. Thus, 

the effect of the bag is a reduction of energy absorbed by 



Figure 7. Energy exchange of enclosed ponderosa pine. 

The energy exchange is shown for various tem
peratures aia^ wind speeds, with 1.2 langleys 
solar radiation and 6.09 millibars atmospheric 
water vapor. The solid lines show the energy 
absorbed by a cm^ of tissue, at the given 
temperatures, with the light lines representing 
the energy .gained by unenclosed seedlings, and 
the dark solid lines, the energy gained by 
enclosed seedlings. The dashed lines show the 
energy lost by a cm^ of tissue at the given 
temperatures, with the cluster of lines at 
5°C and 25°C showing the convection losses 
for various wind speeds. The single dotted 
convection lines represent specific examples 
(see text). 

Rg = thermal radiation from the ground 
Ra = thermal radiation from the atmosphere 
Rp = thermal radiation from the polyethylene 
S = direct beam solar radiation 
s = diffuse solar radiation 
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the tissue, and lower needle temperatures, compared to un

enclosed tissue in still air. 

At night, under clear skies, the needles within the 

bag were found to be considerably cooler than unenclosed 

tissue under similar conditions. The point shown in Figure 

6 was the greatest night time departure, with the needle 

temperature 7.0°C below the bag inlet temperature. The 

predicted temperature departure for unenclosed tissue, 

under the same environmental conditions, is -4.5°C. 

If the air temperature within the bag was assumed 

to be the average of the inlet and outlet air temperatures, 

it was found in all cases that the needle temperatures 

were higher than would be predicted. During the night this 

discrepancy could be accounted for by the absorption by 

the needles of ca. 16% of the internally reflected thermal 

radiation emitted by the seedling. Under daytime conditions 

this discrepancy was greater, and can be attributed to the 

diffusion, and hence greater needle absorption, of the 

downcoming solar radiation by the polyetheylene film. 

Daily Photosynthetic Regimes 

Considerable variation was found in the daily 

regimes of CO2 exchange, with distinct regimes associated 

with specific climatic conditions. These regimes were 

repeated each year of the study and were consistently found 

on both study trees. 
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Winter 

Temperature and radiation were found to be the two 

climatic factors most directly influencing winter CO2 ex

change. On days with above freezing temperatures and 

moderate radiation high rates of net photosynthesis were 

measured. 

On both January 9 and 11, 1966, the soil was frozen 

and over three feet of snow was on the ground. January 11 

(Figure 8) was a slightly overcast day with increasing 

heavy clouds in the afternoon. CO2 absorption, or net 

photosynthesis, increased with increasing radiation in the 

morning and reached a maximum at 11:00 am when the solar 

radiation was 0.5 ly/min. Net photosynthesis decreased 

during the period of afternoon cloud cover, and became CO2 

evaluation, or net respiration, at sunset. On this day 

there was a net CO2 uptake of 23.4 mg/gm dry weight of 

needle tissue. 

January 9 (Figure 9) was a clear warm day, and a 

mid-day reduction in the rate of net photosynthesis was 

found. From sunrise to 10:00 am the air temperature and 

solar radiation were slightly higher than on January 11. 

This resulted in a more rapid increase in the early morning 

rates of net photosynthesis, with a peak value being reached 

by 9;00 am. The further increase in radiation and air tem

perature resulted in decreasing rates of net photosynthesis, 
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with a minimum rate associated with the mid-day peak of 

radiation. As solar radiation decreased and temperatures 

continued to increase in the afternoon, the rates of net 

photosynthesis increased, suggesting over optimum radia-

tional loads during the earlier clear mid-day period. 

Since the soil was frozen on this day, root absorption of 

water would be limited, but the fairly warm temperatures 

and high solar radiation would increase evaporative demand 

and thus create an internal water stress. Such a stress 

could reduce net photosynthesis by inducing stomatal 

closure, or by reducing transpirational cooling and thus 

causing over-optimum needle temperatures. 

Heavy fog on January 23, 1967 (Figure 10) reduced 

solar radiation to an extremely low level, with a maximum 

value of 0.08 ly/min. Air temperatures were slightly 

above 0°C in the morning and below 0°C in the afternoon. 

Yet measurable rates of net photosynthesis were found 

during the entire day period. The maximum rate of net 

photosynthesis was 0.40 mg/gm, which is approximately 10% 

of the maximum observed during the entire study. The total 

24 hour net CO2 exchange was 2.87 mg/gm. On this day with 

a low radiational .load on the needles there was no heating 

or cooling of the air stream passing through the bag. This 

would indicate that the needles were at air temperature, 

or below 0°C during the afternoon. Under such conditions, 
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Figure 10. * Solar radiation, bag inlet temperature, and CC>2 exchange pattern 
on January 23, 1967. 



measurable net photosynthesis was found to cease between 

-2° and -4°C, indicating that the needles froze at these 

temperatures. The actual freezing temperature was found to 

be dependent upon the amount of net photosynthesis on the 

preceding day, with those days preceded by a day with a 

high rate of net photosynthesis having a lower freezing 

temperature. This suggests an influence of the previous 

day upon osmotic concentrations of the needles, possibly 

through an incomplete removal of carbohydrate during the 

night. 

Dendrographic records showed that the trunk of the 

tree was deeply frozen on the morning of January 29, 1966 

(Figure 11). Thawing began at 9:00 am and appeared to be 

complete by 12:00. The CC>2 exchange pattern for this day 

showed net respiration while the trunk was frozen, then 

net respiration occurred when the thawing was complete. 

This pattern was found on all days when freezing of the 

trunk occurred. On some clear days with severe trunk 

freezing net respiration was over two-fold greater than 

that found on January 29. When the freezing of the trunk 

was not as extreme both the duration and rate of net 

respiration was decreased. 
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Spring 

The major features of the spring climate influ

encing CO2 exchange regimes were the increasing temperature 

and the decreasing soil moisture. 

On March 16, 1966 (Figure 12), there was no snow 

on the exposed areas of the study site, or around the study 

tree. The soil was thawed, but cold (approximately 2°C at 

a depth of 12 cm), and the soil moisture was high (Colman 

value; ca 130). On this clear day net photosynthesis 

rapidly increased to a maximum value by 8:00 am, then 

gradually decreased with the increasing air temperature 

through the remainder of the daylight period. On this day 

there was a net accumulation of 22.07 mg C^/gm. Such 

daily regimes occurred during the spring when soil moisture 

was high and air temperatures were relatively low, and 

during the wet spring of 1967 continued into May. 

By April 2, 1966 (Figure 13), the soil moisture 

had only slightly decreased (Colman value: ca 120), but 

the air temperatures had appreciably increased. The maximum 

temperature was 22.2°C, as compared to the maximum of 13.3°C 

on March 16. On this warm, clear, day a mid-day reduction 

in the rates of net photosynthesis was recorded. The max

imum rate of net photosynthesis was recorded at 7:30 am 

when the temperature was 13.6°C and the solar radiation 

only 0.17 ly/min. With increasing radiation and air 
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Figure 12. Solar radiation, bag inlet temperature, and C02 exchange pattern 

on March 16, 1966. 
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temperatures the rate of net photosynthesis decreased, 

reaching the compensation point at 12:30 pm. With de

creasing afternoon temperatures and radiation, there was 

a second maximum in net photosynthesis. The total accumu

lation of CO2 was reduced to 11.41 mg/gm, or 52% of the 

total accumulation of CO 2 on March 16. The occurrence of 

this daily regime appeared to be the result of high tem

peratures and radiation. During the period of mid-day 

reduction in net photosynthesis on April 4, the temperature 

of the air passing through the branch bag increased 9.5°C, 

indicating high needle temperatures due to the high heat 

load, and a possible reduction in transpiration. 

On May 1, 1966 (Figure 14), the soil moisture was 

further reduced (Colman value: ca 60) and day air tem

peratures were approximately 6°C above those on March 2. 

The morning maximum rate of net photosynthesis was reduced, 

and then the rates of net photosynthesis rapidly decreased. 

The compensation point was reached by 10:00 am and then net 

respiration was observed. High scattered clouds formed by 

1:00 pm, resulting in lowered temperatures. However, there 

was an increase in measured radiation due to the addition 

of cloud radiation to the unobstructed direct solar radi

ation. At 1:30 pm and 2:30 pm clouds obscured the sun and 

measured radiation decreased sharply. During this period 

of decreased temperature, the C02 exchange became net 
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photosynthesis, with the maximum rate occurring during the 

heavy cloud cover at 1:30 pm. With increasing radiation 

and temperature the CC>2 exchange again became net respi

ration. As radiation and temperatures decreased in the 

evening another maximum in the rates of net photosynthesis 

occurred. 

In contrast to May 1, no net respiration was ob

served during the day of May 5, 1966 (Figure 15). Soil 

moisture had slightly decreased (Colman value: ca 55), 

the air temperatures were considerably lower than on May 

1, and cloud cover of varying intensity began at 9:30 am. 

The morning maximum in C02 exchange is clearly evident, 

with a peak value at 8:00 am, and a subsequent decline with 

increasing radiation and increasing temperature. However, 

at 10:00 am the temperature was 5°C lower than on May 1, 

and radiation was declining. Consequently, a net photo-

synthetic rate of 0.55 mg/gm/hr was recorded, rather than 

the 0.00 mg/gm/hr rate recorded at this time on May 1. 

With these lower temperatures the rate of net photosynthesis 

varied directly with changes in radiation, with peaks of 

net photosynthesis occurring during peaks of radiation 

(11:00 am, 1:30 pm, 4;00 pm). One peak value of net photo

synthesis (12;30 pm) occurred during a period of increasing 

temperature and decreasing radiation. Each of these periods 

of high rates of net photosynthesis occurred under a lower 
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combination of radiation and air temperature, than at 8:30 

am when the mid-day reduction of net photosynthesis began. 

Summer and Autumn 

During the dry, warm, summer period net photo-

synthetic rates were typically low. On June 23, 1966 

(Figure 16), soil moisture was very low (Colman value: 

ca 48), and solar radiation and air temperatures were high. 

The mid-day reduction pattern was extreme, with a peak net 

photosynthetic value of 0.92 mg/gm/min occurring at 7:30 

am. Net respiration began at 9:00 am and continued through

out the clear, warm, day, becoming net photosynthesis only 

from 6:00 - 7:00 pm under greatly reduced radiation. The 

total net, 24 hour, CC>2 exchange was only 0.44 mg/gm/min 

of net photosynthesis. This extreme pattern is typical 

for the warm, dry, and clear periods preceding the summer 

rains. On warmer and drier days the total respiration 

often exceeds the total photosynthesis, with a maximum 

total 24 hour net respiration of 7.54 mg/gm/min recorded 

on July 1, 1965. This was a clear day with extremely 

low soil moisture (Colman value: ca 33) and an average 

hygrothermograph day temperature of 22.6°C, as compared 

to 19.6°C on June 23, 1966. 

The soil moisture had been replenished by June 29, 

1966 (Figure 17), by a 18.5 mm rainfall on June 28. Heavy 
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Figure 17. Solar radiation, bag inlet temperature, 
and CC>2 exchange pattern on June 29, 1966. 

In the CC>2 exchange graph the solid line is 
the CC>2 exchange of the enclosed branch and 
the dashed line is the CO2 exchange of the 
entire tree, reduced by 2,000. 
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cloud cover persisted throughout June 29, with a mid-day 

storm that reduced radiation to a non-measurable level 

from 11:30 am to 12:30 pm. An intense hail storm began at 

11:40 am, which deposited 27.9 mm of water in a 30 minute 

period, and raised the Colman soil moisture value to 127. 

The reduced temperatures associated with this storm are 

obvious in Figure 17. A "tent run" was being conducted 

on this day, with the entire tree, including the branch 

bag, enclosed in the large polyethylene enclosure. The 

CC>2 exchange for the entire tree is also shown in Figure 

17, however, as the dry needle weight for the entire tree 

is not known these values have been arbitrarily reduced 

by 2,000. 

The CC>2 exchange for both the tent and the branch 

bag again show a morning maximum in net photosynthesis, 

followed by reduced rates associated with increasing radi

ation and generally increasing temperatures. Net respiration 

was recorded by 11:30 am, when the temperatures were high 

and radiation was at its morning maximum. During the heavy 

cloud cover and ensuing storm the rates of net respiration 

decreased. With the increase of temperature and radiation 

following the storm the CC>2 exchange became net photo

synthesis. However, in spite of the relatively cool tem

peratures, reduced radiation, and increased soil moisture, 
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the rate of net photosynthesis was decreased during periods 

of increased temperature and radiation at 3:00 and 4:30 pm. 

Comparable patterns of CO2 exchange for the enclosed 

branch and the entire tree, as shown in Figure 17, were 

found during almost all of the 14 tent runs. During some 

summer tent runs, with high temperatures and radiation, 

an excessive heating was found within the enclosed bag. 

In these instances the CO2 exchange patterns obtained from 

the branch bag and the tent differed, with the branch bag 

showing the pattern that would be expected at the elevated 

temperature, and the tent showing the pattern that was 

expected at ambient temperature. However, at such times an 

excellent agreement was found between the tent and the CO2 

exchange regime obtained from the unenclosed branch bag on 

the secondary study tree (#1). 

With the soil moisture near maximum (Colman value: 

ca 145) on August 29, 1966 (Figure 18), high rates of net 

photosynthesis were found throughout the day. The total, 

24 hour, CO2 exchange was 24.5 mg/gm. During the morning 

the rate of net photosynthesis decreased with increasing 

radiation and temperature. However, the rate of decrease 

was not nearly as great as in the typical patterns for the 

early summer period. The rate of net photosynthesis ex

hibited a slight increase with decreasing radiation and 

temperature at 1.1;30 am, and then decreased with the 
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sharply decreasing radiation and temperature. This de

crease is in contrast to the increase of net photosynthesis 

found under similar temperatures and radiation in the early 

summer (Figure 14). During the morning period of high heat 

load, on this day, the maximum increase in the temperature 

of the air passing through the bag was 2.5°C,.compared to 

the increase of 9.5°C found under similar heat load con

ditions on April 2. This would indicate lower needle tem

peratures . 

As soil moisture slightly decreased during the warm 

fall periods, a reduced rate of net photosynthesis was 

found during periods of high heat loads. On September 9, 

1966 (Figure 19) the temperatures and radiation were high, 

and the soil moisture was moderate (Colman value: ca 118). 

There was no obvious reduction in the rates of net photo

synthesis during the period of high temperatures and radi

ation, but the overall rates remained high, with a total 

net photosynthesis of 24.2 mg/gm/day. On such days an in

crease in the temperature of the bag airstream was recorded, 

with a maximum temperature differential of 6.5°C observed 

at 2:00 pm on September 9. This indicates that the needle 

temperatures were above 30.5°C at this time. 

If the soil moisture in the autumn became low, the 

CO2 regimes resembled those of the warm, dry spring periods 

(Figures 13 and 14). However, if the soil moisture remained 
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high net photosynthesis continued at high rates until the 

temperatures decreased and the winter regimes (Figures 8 -

11) were obtained. 

The CC>2 regimes during both the cool, non-freezing/ 

winter days and the warm, wet, autumn days resulted in high 

total rates of net photosynthesis. The highest hourly 

rates were recorded on cool winter days, but the total, 

24 hour, CO2 exchange was often greater on the longer 

autumn days. 

Annual Photosynthetic Regimes 

Collection of CO2 exchange data was initiated in 

May of 1964, and continued through October of 1967. The 

record for this period was obtained from a series of four 

branch bags on both the prime study tree (#6) and the 

secondary tree (#1). Collection of climatological data 

was initiated in May, 1963, and terminated in October of 

1967. 

The annual precipitation in southeastern Arizona 

occurs in two distinct periods. The winter storms are of 

frontal origin, while the summer precipitation results from 

orographic or convective thundershowers. Almost half of 

the annual precipitation occurs during July and August 

(Green, and Sellers, 1964). During the period of record, 

the average annual precipitation at the study site was 

676.9 mm (26.65 in.). An average precipitation of 234.7 mm 

i . 

I' 
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(34%) occurred in July and August, and an average of 322.3 

mm (47.6%) occurred in July, August, and September. The 

remaining precipitation was primarily distributed through 

the winter months, and occurred as snow from December 

through April. Little, or no, precipitation occurred 

during the months of May and June. 

Night temperatures were frequently below freezing 

from November through May, with day temperatures varying 

from subfreezing to 15°C on clear days. Day temperatures 

in the summer rarely exceeded 25°C, and night temperatures 

from June through August were seldom below 10°C. 

Solar radiation, soil moisture, precipitation, air 

temperatures, and net CO2 exchange are shown, as three-day 

averages, in Figures 20 - 23. The solar radiation values 

were obtained from the actinograph, and represent the average 

total radiation on a horizontal surface. The temperatures 

were obtained from two hour hygrothermograph readings, with 

this average, maximum, and minimum being that of the entire 

three-day period. For some periods of missing data, the 

average temperature was estimated from crown temperatures, 

but the maximum and minimum values were not plotted. The 

CO2 exchange is the three-day average total net branch bag 

exchange from tree #6. The seasonal and yearly variation 

of both the climatic factors and the photosynthetic regime 

can be readily seen in these figures. 
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1964 

The fall, winter, and spring of 1963 - 1964 (Figure 

20) was marked by below average precipitation. The only 

significant precipitation was a snowfall on March 5 that 

contained 70.0 mm of water, and a snowfall on April 4 and 

5 that contained 37.0 mm of water. Thus soil moisture was 

rapidly decreasing when the collection of CO2 exchange 

data was begun in May, 1964. 

Rapidly decreasing rates of net photosynthesis 

were associated with the decreasing soil moisture in May. 

By June the measured CO2 exchange was net respiration, with 

the total amount of respiration exceeding the amount of 

photosynthesis. Precipitation in mid-July resulted in the 

replinishment of the soil moisture and increased rates of 

net photosynthesis. Net photosynthesis increased during 

the fall as the soil moisture increased and the temperatures 

decreased. During the winter, net photosynthesis was 

decreased during periods of low radiation, low day and 

subfreezing night temperatures, and low available soil 

moisture. 

1965 

Temperatures remained low in early 1965 (Figure 21), 

but increased in mid-April, as the soil moisture began to 

decrease. As these trends continued the net photosynthesis 
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Figure 20. Climate and C02 exchange, 1964. 

The radiation, temperature, and CC>2 ex
change are shown as 3-day averages. Pre
cipitation is the total for the 3-day period, 
and the soil moisture values are corrected 
dial readings from nine Colman soil-moisture 
units. The vertical bars on the temperature 
scale show the range of temperature during 
the 3-day period. 
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Figure 21. Climate and C02 exchange, 1965. 

The radiation, temperature, and CC>2 exchange 
are shown as 3-day averages. Precxpitation 
is the total for the 3-day period, and the 
soil moisture values are corrected dial 
readings from, nine Colman soil-moisture units. 
The vertical bars on the temperature scale 
show the range of temperature during the 3-day 
period. 



SK 

1 I 
Q£ >N 

a 
U  E  
a >  E  
>_ —• 
Q_ 

a 
E  U  
<D ° 

900 -

600 -

300 -

0 

• • • 
• •••• 

• • 
• • • 

• 
• 

• 
• • • 
• • 
• • • 

"li 1 J m fTdlrfn fL n, _ ru -[ 

0 

-15 

Figure 21. 

1 9 6 5  

Climate and C02 exchange, 1965. 

50 

0 

^ 'Vi (| 1 11,11 r  I r r  -r i i M Nvi T 



69  

decreased, and the 24 hour total C02 exchange became net 

respiration by mid-June. 

The sximmer of 1965 was one of prolonged drought, 

with no precipitation in May and June, below average pre

cipitation in July and August, and virtually no precipi

tation in September and October (Appendix C). This drought 

resulted in a high rate of net respiration in June, and net 

respiration from September through November. July and 

August precipitation resulted in the replenishment of the 

soil moisture and net photosynthesis. Instrument failure 

limited the sample of CO2 data during August, September, 

and December. When the soil moisture was replenished in 

late November, temperatures were becoming too low to result 

in high rates of net photosynthesis. 

1966 

With clear skies, relatively warm temperatures, 

and high soil moisture, high rates of net photosynthesis 

were recorded in early January (Figure 22). This high rate 

was rapidly reduced with decreasing temperatures, and re

mained low through the remainder of January and February. 

In March, net photosynthesis increased with the increasing 

temperatures. It then decreased with the decreasing soil 



Figure 22. Climate and CC>2 exchange, 1966. 

The radiation, temperature, and CO^ exchange 
are shown as 3-day averages. Precipitation 
is the total for the 3-day period, and the 
soil moisture values are corrected dial 
readings from nine Colman soil-moisture units. 
The vertical bars on the temperature scale 
show the range of temperature during the 3-day 
period. 
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moisture and increasing temperatures through May, and became 

net respiration in June. 

With the increasing soil moisture and decreasing 

temperatures of the late summer, net photosynthesis in

creased. The above average precipitation of August and 

September, with the accompanying high frequency of cloud 

cover, and cooler temperatures, resulted in the highest 

rates of average net photosynthesis that were recorded. 

High net photosynthesis continued through the winter, but 

was reduced during periods of subfreezing temperatures 

and cloud cover. 

1967 

The temperatures were slightly above average in 

January, February, and March (Appendix C), and slightly 

below average in April and May (Figure 23). Thus high rates 

of net photosynthesis were measured through May. In June 

the net photosynthesis rapidly decreased as soil moisture 

decreased and the temperatures increased. Two periods of 

net respiration were recorded in late June, separated by 

intervals of slight precipitation, cloud cover, and de

creased temperatures. Net photosynthesis increased with 

the initiation of the summer rains in early July, and re

mained a high level until the termination of the study in 



Figure 23. Climate and C02 exchange, 1967. 

The radiation, temperature, and CO^ exchange 
are shown as 3-day averages. Precipitation 
is the total for the 3-day period, and the 
soil moisture values are corrected dial 
readings from nine Colman soil-moisture units. 
The vertical bars on the temperature scale 
show the range of temperature during the 3-day 
period. 
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October. During this fall period, the rates of net photo 

synthesis decreased during intervals of reduced soil 

moisture and low solar radiation. 



DISCUSSION 

Bag Evaluation 

The use of polyethylene film, with its high trans

mission of both long and short wave radiant energy, mini

mizes the so called "greenhouse effect" much discussed in 

the literature (Bosian, 1959, 1965; Bourdeau and Woodwell, 

1965) , and avoids the necessity of air conditioning 

(Bosian, 1965) or a double walled chamber with liquid 

cooling (Bosian, 1933; Bourdeau and Woodwell, 1965). The 

lack of heating in an empty bag, as compared to a bag en

closing tissue, demonstrates that the heating of the air-

stream is not a function of the branch bag, but of the 

enclosed tissue. 

Needle temperatures were found to significantly 

depart from air temperature, with the bag airstream tem

perature differential closely following this departure, 

but of a smaller magnitude. This confirms the enclosed 

tissue as the source of heat, and the demonstrated effec

tiveness of convection provides the mechanism for the ad

dition of sensible heat to the bag airstream. Thus, whenever 

there is a temperature difference between the enclosed tis

sue and the bag inlet air, there will be a temperature dif-
i 

ferential in the bag airstream. With the low specific heat 
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of air, and with the high rate of transfer of sensible heat 

from the needles, this temperature differential can be con

siderable. 

The bag airstream temperature differential will 

primarily be a function of the needle air temperature dif

ferential, the amount of needle tissue, and the volume of 

air flow. Therefore, when using this technique for the 

measurement of gas exchange, it is necessary to obtain a 

balance between the amount of enclosed tissue and the air 

flow that prevents an internal buildup of sensible heat, 

but permits a gas concentration differential sufficiently 

high for accurate measurement. 

As the bag airstream temperature differential was 

found to decrease with increasing external wind speed, 

there is an effective heat transfer through the poly

ethylene film. Therefore, the removal of sensible heat 

could be increased by increasing the bag surface area, and, 

or, ventilation of the bag exterior. 

Needle Temperature and Energy Balance 

The departure of needle temperature from air tem

perature that increased with increasing radiation and that 

was reduced by increasing wind speed, is in agreement with 

many reports (Ansari and Loomis, 1959; Ehlers, 1915; Gates, 

1963; Gates et al., 1965; Kryuchkov, 1962). The maximum 

needle temperature increase of 9.2°C (Figure 2) compares 
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favorably with the maximum needle temperature increase of 

10.31°C reported by Ehlers (1915) for Pinus nigra' var. 

austriaca. While Ehlers did not present specific radiation 

values, there is a good agreement between his reported 

patterns and those of the present study. These measure

ments on ponderosa pine substantiate his conclusion that: 

"in daytime, conifer needles may be 2-10°C above air tem

perature." 

The successful application of the energy balance 

analysis to the measured data supports the coefficients and 

effective areas derived by Gates et al. (1965), and shows 

the-usefulness of this technique. However, from the above 

results it appears that the minimum wind speed of 2.0 mph 

for forced convection, suggested by Gates (1968) should 

be lowered to a value of less than 0.1 mph for ponderosa 

pine. 

The temperature increase of enclosed needle tissue 

was found to be the same as that of unenclosed tissue in 

a slight breeze (ca 0.1 mph). It was lower than would be 

predicted for unenclosed tissue in still air and under an 

equivalent radiational load. When the known physical 

properties of the enclosing polyethylene were incorporated 

in the energy balance analysis, it was shown that enclosure 

reduces the total energy absorbed by the needle tissue. 

This results in lower temperatures of enclosed needles when 
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compared to unenclosed needles in still air. These results 

are not in agreement with the findings of Lee (1966), who 

calculated a slight increase in radiational load due to 

enclosure. However, Lee neglected the reflection of long 

wave radiation and assumed that the absorbtivity and emis-

sivity were equal to one minus transmission. 

CC>2 Exchange 

The daily and seasonal patterns of CO2 exchange 

varied with climatic conditions, with specific patterns 

being associated with specific climatic conditions. With 

the exception of winter freezing, the nature of the pat

terns was primarily determined by a combination of soil 

moisture, air temperature, and radiation. 

High rates of net photosynthesis were found during 

the winter. The total day net photosynthesis was highest 

with above freezing air temperatures and moderate radiation. 

Since the highest actual rates of net photosynthesis were 

found under these conditions, there was no evidence of a 

winter dormant period or a reduction "in photosynthetic 

capacity as reported by McGregor and Kramer (1963) , Bamberg, 

Schwarz, and Tranquillini •'(1967) , Bourdeau (1959), and 

Negisi (1966). Neither could a decrease in chlorophyll 

content (Perry and Baldwin, 1966; Bourdeau, 1959) be im

plied. Rather, the finding that appreciable net photo

synthesis occurs in the winter under favorable environmental 
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conditions agrees with the studies of Freeland (1944) and 

Helms (1965) . As shown in the winter CC>2 exchange regimes, 

daytime net respiration occurs when the trunk of the tree 

is frozen, with the rate of net respiration increasing as 

the heat load increases. This may explain many reports of 

winter dormancy, particularly when CC>2 exchange has been 

measured under natural, conditions. Schulze, Mooney, and 

Dunn (1967) reported a period of net respiration from late 

winter through early spring, and attribute this to a species 

characteristic. However, the night temperatures during 

this period were consistently well below freezing, and with 

the low temperatures reported, trunk freezing, certainly 

persisted through the majority of the day period. 

The measurement of net photosynthesis in ponderosa 

pine to a minimum air temperature of -4°C compares favorably 

with reports in the literature for other conifers. Reports 

of the minimum temperature for measured net photosynthesis 

in Pinus sylvestris range between -6 and -2°C (Alvik, 1939; 

Freeland, 1944; Pisek and Rehner, 1958; Polster and Fuchs, 

1963; Printz, 1933). Freeland (1944) reported a minimum 

temperature for net photosynthesis of -6°C for Pinus nigra 

yar.. austriaca and Picea mariana. Tranquillini (1964) ob

tained a .minimum temperature of -4°C for net photosynthesis 

in Pinus cembra. Reports of the minimum temperature for 
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net photosynthesis in Picea excelsa range from 0°C (Parker, 

1953) to -6°C (Zeller, 1951). 

With the effects of frozen soil and trunk it is 

impossible to accurately predict the CO2 exchange rates 

from air temperatures and radiation levels, as the ante

cedent conditions will strongly influence both the rates 

and patterns of CO2 exchange. Helms (1965) also obtained 

different CO2 exchange rates and patterns under similar 

environmental conditions. 

Larcher (1965) reviewed the literature on water 

stress and CO2 exchange and reported a general decrease in 

the rate of net photosynthesis with decreasing soil moisture. 

In Pinus densiflora, this decrease of net photosynthesis 

has been shown to begin just below field capacity, and to 

become net respiration at a soil moisture lower than the 

permanent wilting percentage (Negisi, 1966; Negisi and 

Sa.too, 1954a, 1954b, 1955). 

In the present study decreasing soil moisture was 

associated with both lower morning rates and reduced mid

day rates of net photosynthesis. However, the specific 

rates and patterns were also influenced by temperature 

and radiation, and on the study site low soil moisture was 

generally associated with high temperature and radiation 

levels. The decrease in the rate of morning net photo

synthesis and the initiation of the mid-day reduction 
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appeared to be the result of a combination of high heat 

loads and low soil moisture acting directly on the rates of 

photosynthesis and respiration, rather than stomatal closure 

as suggested by Stalfelt (1935), Larcher (1965), and others. 

In conjunction with this study, measurements of stomate 

aperature were made by the infiltration technique (Fry 

and Walker, 1967). These measurements (Drew, 1967; McConnel, 

personal communication) show that mid-day reduction of 

stomate aperature begins well after the initiation of the 

mid-day reduction of net photosynthesis, and approximately 

at the time the compensation point is reached. It appears 

that the reduced rates of net photosynthesis may cause the 

reduction of stomate aperature, rather than stomate aperature 

affecting the rate of CC>2 exchange. A similar relationship 

between CO2 exchange and stomate aperature has been reported 

by Hodges (1967) for Abies grandis. 

The reality of the two peaked CO2 exchange curve, 

with a mid-day reduction in the rates of net photosynthesis 

has been much discussed in the literature (Henrici, 1919; 

Stocker, 1954, 1960; Bosian, 1933, 1959, 1965). Criticism 

of this pattern is summarized by Bosian (1965) who states: 

The liberation of C02 due to the effect of light, 
and the existence of the two peaked assimilation 
curves even in desert plants, described in the 
literature since 1919 on the base of ecological 
field investigations on the CO2 metabolism, must 
be attributed to an over-optimal heating of the 
chamber. Under natural and optimal conditions 
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they do not occur. Therefore, they must be 
attributed causally to a methodological error 
which consists of the fact that the climate of 
the chambers is not controlled. (page 231) 

This argument is self-defeating, as it is based on an 

equality of "natural" and "optimal conditions". By def

inition, a reduction in net photosynthesis cannot occur 

under "optimal conditions". And, plants growing under 

"natural" conditions are seldom in "optimal conditions", 

with it being well known that plant processes are frequently 

"limited" by one or more environmental parameters (Odum, 

1959, 1963; Billings, 1964). 

In this study it was shown that the poylethlyene 

film has little effect upon environmental factors, except 

for wind speed which is maintained at a constant level. 

The needle temperature studies showed that the needle tem

peratures within a polyethylene branch bag were identical 

to those of unenclosed tissue in a wind of approximately 

0.1 mph. Therefore, the CO2 patterns obtained, and the 

mid-day reduction in the rate of net photosynthesis appear 

to be real events in the natural condition, and not the 

result of methodology. The only qualification is that of 

the wind speed. An increased wind speed would reduce the 

needle temperature increase and thus increase the rate of 

net photosynthesis, under high heat load conditions (Dencke, 

1931; Golley, Odum, and Wilson, 1962; Tranquillini, 1954). 

Therefore, on windy days with a high heat load, the enclosed 



needles would be warmer than unenclosed needles, and the 

mid-day reduction of net photosynthesis would be somewhat 

over-estimated. However, an increased wind speed within 

the bag would result in cooler needie temperatures in the 

bag on still days, and an under-estimate of the mid-day 

reduction of net photosynthesis would result. 

The effect of low soil moisture and the associated 

daytime net respiration upon the annual photosynthetic 

regime is evident in the dry summer and autumn of 1965 

(Figure 21), when reduced rates of net photosynthesis and 

net respiration continued into December. However, in 1964, 

1965, and 1967 when there was more abundant summer and 

autumn rains and increased soil moisture, high rates of 

net photosynthesis were measured in the late summer and 

fall. The effect of soil moisture upon the photosynthetic 

regime was also obvious in the early summer of 1967 (Figure 

23) when precipitation in late May replenished the soil 

moisture. The decline of total net photosynthesis was 

reversed and high rates of net photosynthesis were found 

in early June. 

The effect of high radiation in the dry, hot, 

summer is clearly evident in June, 1967 (Figure 23) where 

the two peaks of net photosynthesis occurred under cloudy 

conditions and net respiration occurred during the clear 

periods. The slight precipitation that occurred during 
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these cloudy periods did not result in a measureable in

crease in the soil moisture. 

It is obvious from the day patterns that the photo-

synthetic tissue became light saturated at low levels of 

solar radiation, and that the value of this level varied 

with temperature and soil moisture. Solar radiation in

tensities above this saturation level merely added to the 

heat load imposed upon the needles, resulting in increased 

needle temperatures. 

Thus, because of the interaction of soil moisture 

or water availability, temperature, radiation, and the 

nature of this field study, it is impossible to determine 

specific optimal, or limiting, values for the effect of 

these climatic factors upon net photosynthesis. However, 

a decrease in net photosynthesis was found with decreasing 

soil moisture and extremes of either, or both, temperature 

and radiation. If the values of these climatic factors 

are known it is possible to predict both the associated 

daily and seasonal patterns of CO2 exchange. 



SUMMARY 

An evaluation of polyethylene film branch bags 

showed that these enclosures do not significantly alter 

the environment of the enclosed tissue, except through 

the maintance of a constant wind speed. 

The branch bag technique was found to be an 

effective, and accurate, method for the determination 

of the CC>2 exchange of an entire enclosed tree. 

Needle temperatures of ponderosa pine seedlings 

were found to depart significantly from air temperature 

and are increased by increasing radiation, and reduced 

by increasing wind speeds. Needle temperatures within 

a polyethylene branch bag were found to be identical to 

those of unenclosed needles with a low wind speed (ca 

0.1 mph). 

An energy balance technique was successfully 

applied to the study of needle temperatures, thus sup

porting the coefficients derived by Gates et al. (1965), 

and demonstrating the feasibility of this approach. 

The CO2 exchange in these lower forest border 

ponderosa pine was found to be quite variable on both 

a daily and yearly basis; and this variation could be 

84 
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attributed to variation in soil moisture or water avail

ability, temperature, and radiation. 

Under favorable environmental conditions high rates 

of winter net photosynthesis were found. No evidence of a 

winter dormant period, or a reduction in photosynthetic 

capacity, was observed. 

Declining soil moisture and increasing temperatures 

in the spring resulted in decreasing rates and total amounts 

of net photosynthesis. By June the daily CO2 exchange was 

net respiration. 

Under warm, dry, summer conditions a two peaked 

curve of net photosynthesis, with a mid-day reduction, was 

found. This curve was confirmed as a natural occurrence, 

rather than a methodological error. 

The seasonal photosynthetic regimes showed that 

these semi-arid site ponderosa pine accumulate large 

amourits of photosynthate during the autumn, winter, and 

spring; and that the annual accumulation of photosynthate 

is largely determined by the climate of these periods. 

Thus, the climate of these seasons may greatly influence 

subsequent tree growth. 



APPENDIX A 

VEGETATION AND RELIEF OF THE STUDY SITE 
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The stem location and size, and the crown coverage of the 
woqdy vegetation over 1-meter in height is shown. 
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Contour map of the study site. 

The bench mark maintained by the U. S. Geological Survey on 
the summit of Mt. Bigelow is located 116 feet due north of 
the upper map boundary, latitude 32° 25', longitude 110° 43'. 
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LONGWAVE TRANSMISSION OF ENCLOSURE POLYETHYLENE 
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APPENDIX C 

PRECIPITATION AND TEMPERATURE BY MONTH 

OVER A FOUR YEAR PERIOD 



TOTAL MONTHLY PRECIPITATION* 

Jan. 

Feb. 

Mar. 

Apr. 

May 

Jun. 

Jul. 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

1964 

16.3 

1.3 

82.8 

37.1 

0 . 0  

0 . 0  

186.9 

89.1 

158.2 

28.7 

20.1 

73.7 

1965 

89.4 

37.1 

32.8 

2 8 . 2  

0 . 0  

0 . 0  

99.6 

40.9 

4.8 

5.8 

93.0 

350.5 

1966 

54.9 

142.2 

6.1 

2 . 0  

0 . 0  

50.3 

80.0 

181.6 

246.6 

9.4 

33.8 

2 6 . 2  

1967 

4.8 

5.3 

39.9 

48.8 

45.2 

3.0 

171.7 

29.7 

99.6 

32.8 

*In millimeters. 

Ave. 

41.4 

56.5 

40.4 

29.0 

11.3 

13.3 

134.6 

85.3 

102.3 

19.2 

49.0 

150.1 

722.4 

89 



AVERAGE MONTHLY TEMPERATURES* 

- 1964 1965 1966 1967 Ave. 

Jan. 1.9/-2. 5 4.2/ 1.0 1.4/-2. 4 4 .9/ 0 .6 3.1/-0. 

Feb. 0.8/-4. 3 - 3.6/-0.4 0.9/-2. 6 5 .4/ 1 .3 2.7/-1. 

Mar. 3.6/-0. 4 3.6/-0.7 7.3/ 2. 8 7 .7/ 3 .1 5.6/ 1. 

Apr. 7.2/ 2. 2 7.7/ 2.8 10.2/ 4. 6 6 .8/ 2 .1 8.0/2. 

May 14.0/ 8. 1 11.7/' 6.3 14.8/ 9. 7 13 • 1/ 7 .6 13.4/ 7. 

Jun. 17.5/12. 2 15.4/10.4 18.7/13. 6 16 .5/11 .7 17.0/12. 

Jul. 19.4/14. 4 18.9/14.3 20.7/15. 8 18 .7/14 .1 19.4/14. 

Aug. 17.6/13. 3 18.8/14.9 18.3/13. 7 18 .9/13 .8 18.4/13. 

Sep. 14.0/10. 7 15.7/11/8 15.1/11. 5 16 .0/11 .8 15.2/11. 

Oct. 14.1/ 9. 3 14.3/ 9.9 11.6/ 7. 7 13 .8/ 8 .8 13.5/ 8. 

Nov. 4.8/ 1. 3 8.8/ 5.3 9.0/ 5. 2 7.5/ 3. 

Dec. 3.4/-0. 1 2.7/ 0.5 3.8/ 0. 1 '3.3/ 0. 

*Day Temp./Night Temp, in °C. 

8 

5 

2 

9 

9 

0 

7 

9 

5 

9 

9 

2 

90 



LITERATURE CITED 

Alvik, G. 1939. Uber Assimilation und Atmung einiger 
Holzwache im westnorwegischen Winter. Middelese 
fra Vestlandets Forstlige Fors^ksstation 22:1-266. 
Cited in: Negisi, K. 1966. 

Ansari, A. Q., and W. E. Loomis. 1959. Leaf temperature. 
Amer. J. Bot. 46:713-717. 

Bamberg, S., W. Schwarz, and W. Tranquillini. 1967. In
fluence of daylength on the photosynthetic capacity 
of stone pine (Pinus cembra L.). Ecology 48:264-
269. 

Bassett, J. R. 1964. Tree growth as affected by soil 
moisture availability. Soil Sci. Soc. Amer., Proc. 
28:436-438. 

Billings, W. D. 1964. Plants and the ecosystem. Wadsworth 
Publ. Co., Belmont, Calif. 154 pp. 

Billings, W. D., and R. J. Morris. 1951. Reflection of 
visible and infrared radiation from leaves of dif
ferent ecological groups. Amer. J. Bot. 38:327-
331. 

Birkebak, R., and R. Birkebak. 1964. Solar radiation 
characteristics of tree leaves. Ecology 45:646-
649. 

Bliss, R. W. 1961. Atmospheric radiation near the surface 
of the ground: a summary for engineers. Solar 
Energy 5:103-120. 

Boggess, W. R. 1953. Diameter growth of shortleaf pine 
and white oak during a dry season. Univ. of 111. 
Forest. Note 37. 7 pp. 

Boggess, W. R. 1955. Diameter growth of shortleaf pine 
and white oak following a mid-season drought. 
Univ. of 111. Forest. Note 65. 1 p. 

Bosian, G. 1933, Transpirations- und Assimilations-
bestimmung an Pflanzen des Zentralkaiserstuhls. 
Z. Bot. 26:209-294. 

91 



92 

Bosian, G. 1959. Zum Problem des Kuvettenklimas: Tem-
peratur- und Feuchteregulierung. Ber. dtsch. 
Bot. Ges. 7:391-397. 

Bosian, G. 1965. The controlled climate in the plant 
chamber. In: Methodology of plant eco-physiology. 
UNESCO, Paris, Prance, pp. 225-232. 

Boul, S. W. 1966. Soils of Arizona. Univ. of Ariz. Agr. 
Expt. Sta. Tech. Bull. 171. 25 pp. 

Bourdeau, P. F. 1959. Seasonal variation of the photo-
synthetic efficiency of evergreen conifers. 
Ecology 40:63-67. 

Bourdeau, P. F. 1963. Photosynthesis and respiration of 
Pinus strobus L. seedlings in relation to provenance 
and treatment. Ecology.44:710-716. 

Bourdeau, P. F., and M. L. Laverick. 1958. Tolerance and 
photosynthetic adaptability to light intensity in 
white pine, red pine, hemlock and ailanthus seed
lings. Forest. Sci. 4:196-207. 

Bourdeau, P. F., and G. M. Woodwell. 1965. Measurement 
of plant carbon dioxide exchange by infra-red 
absorption under controlled conditions and in the 
field. In: Methodology of plant eco-physiology. 
UNESCO, Paris, France. 

Brooks, C. F, 1938. Wind shields for precipitation-
gages. Amer. Geophys. Union, Trans. 19:539-542. 

Brix, H. 1962. The effect of water stress on the rates 
of photosynthesis and respiration in tomato plants 
and loblolly pine seedlings. Physiol. Plant. 
15:10-20. 

Clark, John. 1961. Photosynthesis and respiration in 
white spruce and basalm fir. State Coll. Forest 
Syracuse Univ. Tech. Pub. 85. 72 pp. 

Decker, J. P. 1944. Effect of temperatures on photo
synthesis and respiration in red and loblolly 
pines. Plant Physiol. 19:679-688. 

Decker, J. P. 1954. The effect of light intensity on 
photosynthetic rate in scotch pine. Plant Physiol. 
29:305-306. 



93 

Dencke, Hans. 1931. Uber den Einfluss betwegter Luft auf 
die Kohlensaure-assimilation. Jahr. wiss. Bot. 
74:1-32. 

Drew, Alan P. 1967. Stomatal activity in semi-arid site 
ponderosa pine. M. S. Thesis. Univ. of Ariz. 
5 8 pp. 

Douglass, A. E. 1909. Weather cycles in the growth of 
big trees. Mo. Weath. Rev. 37:225-237. 

Douglass, A. E. 1919. Climatic cycles and tree-growth I: 
a study of the annual rings of trees in relation 
to climate and solar activity. Carnegie Inst. 
Wash. Pub. No. 289. 127 pp. 

Ehlers, J. H. 1915. The temperature of leaves of Pinus 
in winter. Amer. J. Bot. 2:32-70. 

Federer, C. A., and C. B. Tanner. 1966. Spectral distri
bution of light in the forest. Ecology 47:555-560. 

Franck, J., and W. Loomis, ed. 1949. Photosynthesis in 
plants. Iowa State Press, Ames, Iowa. 500 pp. 

Freeland, R. C. 1944. Apparent photosynthesis in some 
conifers during winter. Plant Physiol. 19:179-
185. 

Fritschen, L. J. 1963. Construction and evaluation of 
a miniature net radiometer. J. Appl. Meteor. 
2:165-172. 

H. C. 1960. Multiple regression analysis of 
radial growth in individual trees. Forest Sci. 
6:334-349. 

H. C. 1962a. An approach to dendroclimatology: 
screening by means of multiple regression tech
niques. J. Geophys. Res. 67:1413-1420. 

H. C. 1962b. The relation of growth ring widths 
in American beech and white oak to variation in 
climate. Tree-Ring Bull. 25:2-10. 

H. C. 1963a. Computer programs for tree-ring 
research. Tree-Ring Bull. 25:2-7. 

Fritts, 

Fritts, 

Fritts, 

Fritts, 

Fritts, H. C. 1963b. Recent advances in dendrochronology 
in America with reference to the significance of 



94 

climatic change. In: Arid Zone Research XX. 
Changes of Climate. UNESCO, Paris, France. 

Pritts, H. C. 1965. Tree-ring evidence for climatic 
changes in western North America. Mo. Weath. 
Rev. 93:421-443. 

Fritts, H. C., and E. C. Fritts. 1955. A new dendro-
graph for recording radial changes, a tree. 
ForestSci. 1:271-276. 

Fritts, H. C., D. G. Smith, and M. A. Stokes. 1965. The 
biological model for paleoclimatic interpretation 
of Mesa Verde tree-ring series. Amer. Antiquity 
31:101-121. 

Fry, K. E., and R. E. Walker. 1967. A pressure-infil
tration method for estimating stomatal opening in 
conifers. Ecology 48:155-157. 

Gates, D. M. 1962. Energy exchange in the biosphere. 
Harper and Row, New York. 151 pp. 

Gates, D. M. 1963. Leaf temperature and energy exchange. 
Arch. f. Meteor., Geop., u. Biok. 12:321-336. 

Gates, D. M. 1965. Energy, plants, and ecology. Ecology 
46:1-13. 

Gates, D. M. 1968. Energy exchange and ecology. Biosci. 
18 (2):90-95. 

Gates, D. M., E. C. Tibbals, and F. Kreith. 1965. Radi
ation and convection for ponderosa pine. Amer. 
J. Bot. 52:66-71. 

Golley, F., H. T. Odum, and R. F. Wilson. 1962. The 
structure and metabolism of a Puerto Rican red 
mangrove forest in May. Ecology 43:9-19. 

Green, C. R. , and W.' D. Sellers. 1964. Arizona climate 
Univ. of Ariz. Press., Tucson. 503 pp. 

_j 

Hellmers, H. 1963. Effects of soil and air temperatures 
on growth of redwood seedlings. Bot. Gaz. 124: 
172-177. 



95 

Hellmers, H. 1964. Distribution^ of growth in tree seedling 
stems as affected by temperature and light. In: 
M. H. Zimmerman, ed. Formation of wood in trees. 
Academic Press, New York. 

Helms, J. A. 1965. Diurnal and seasonal patterns of net 
assimilation in douglas-fir, Pseudotsuga menziesii 
(Mirb.) Franco, as influenced by environment. 
Ecology 46:698-707. 

Henrici, M. 1919. Chlorophyllgehalt und Kohlensaureas-
similation bei Alpen- und Ebenenpflanzen. Verh, 
naturf. Ges. Basel. 30:43. 

Hesketh, J. D. , and R. B. Musgrave. 1962. Photosynthesis 
under field conditions. IV. Light studies with 

. individual corn leaves. Crop Sci. 2:311-315. 

Hodges, J. D. 1967. Patterns of photosynthesis under 
natural environmental conditions. Ecology 48: 
234-242. 

Horton, J. S. 1955. Use of electrical soil-moisture units 
in mountain soils. 23rd ann. Western Snow Conf., 
Proc. Portland, Oregon. 

Krajiier, P. J. 1957. Photosynthesis of trees as affected 
by their environment. In: K. Thimann, ed. 
Physiology of forest trees. Ronald Press, New 
York. 

Kramer, P. J., and T. T. Kozlowski. 1960. Physiology 
of trees. McGraw-Hill, New York. 642 pp. 

Krueger, K. W., and J. W. Trappe. 1967. Food reserves 
and seasonal growth of douglas-fir seedlings. 
Forest Sci. 13:192-202. 

Kryuchkov, V. V. 1962. Leaf temperature of some plants 
in the Khibin. Plant physiol. U.S.S.R. 8:502-504. 

Larcher, W. 1965. The influence of water stress on the 
relationship between CO -uptake and transpiration. 
In; Water Stress in Plants. Czechoslovak Academy 
of Sciences, Prague, pp. 184-194. 

Lee, R. 1966. Effects of tent type enclosures on the 
microclimate and vaporization of plant cover. 
Oecol. Planta 1:301-326. 



96 

Li, J. C. R. 1964. Statistical inference. I. Edwards 
Brothers, Inc., Ann Arbor, Mich. 658 pp. 

Loomis, W. E. 1965.J Absorption of radiant energy by 
leaves. Ecology 46:14-17. 

McGregor, W. H. D., and P. J. Kramer. 1963. Seasonal 
trends in the rates of photosynthesis and res
piration of loblolly pine and white pine seedlings. 
Amer. J. Bot. 50:760-765. 

Moehring, D. M., and C. W. Ralston. 1967. Diameter growth 
of loblolly pine related to available soil moisture 
and rate of soil moisture loss. Soil Soc. Amer. 
Proc. 31:560-562. 

H. A., M. West, and R. Brayton. 1966. Field 
measurements of the metabolic responses of bristle-
cone pine and big sagebrush in the White Mountains 
of California. Bot. Gaz. 127:105-113. 

K. 1966. Photosynthesis, respiration and growth 
in 1-year-old seedlings of Pinus densiflora, 
Cryptomeria japonica, and Chamaecyparis obtusa. 

K., and T. Satoo. 1954a. The effect of drying 
of soil on apparent photosynthesis, transpiration, 
carbohydrate reserves and growth of seedlings of 
Akamatsu (Pinus densiflora Sieb. Et. Zucc.). J. 
Jap. Forest Soc. 36:66-71. 

K., and T. Satoo. 1954b. Influence of soil 
moisture on photosynthesis and respiration of 
seedlings of Akamata (Pinus densiflora Sieb. Et. 
Zucc.) and Sugi (Cryptomeria~japonica~D. Don). 
J. Jap. Forest Soc. 36:113-117. 

Negisi K., and T. Satoo. 1955. Soil moisture in relation 
to apparent photosynthesis and respiration of 
Akamatu and Sugi seedlings. J. Jap. Forest Soc. 
37:100-103. 

Negisi, K., and T. Satoo. 1961. Effect of temperature 
upon photosynthesis and respiration of Akamatu 
(Pinus densiflora Sieb. Et. Zucc.), Sugi (Cryp
tomeria japonica D. Don) and Hinoki (Chamaecyparis 
obtusa Sxeb. Et. Zucc.). J. Jap. For. Soc. 43: 
336-343. 

Mooney, 

Negisi, 

Negisi, 

Negisi, 



97 

Odum, Eugene P. 1959. Fundamentals of ecology. 2nd ed. 
Saunders, Philadelphia. 546 pp. 

Odum, Eugene P. 1963. Ecology. Holt, Rinehart, and 
Winston, Inc., New York. 152 pp. 

Parker, J. 1953. Photosynthesis of Picea excelsa (P. 
abies) in winter. Ecology 34:605-609. 

Perry, T. 0., and G. W. Baldwin. 1966. Winter breakdown 
of the photosynthetic apparatus of evergreen 
species. Forest Sci. 12:298-300. 

Pharis, R. P., H. Hellmers, and E. Schuurmans. 1967. 
Kinetics of the daily rate of photosynthesis at 
low temperatures for two conifers. Plant Physiol. 
42:525-531. 

Pisek, A., and G. Rehner. 1958. Temperaturminima der 
Netto-Assimilation von mediterranen und nordisch-
alpinen Immergunen. Ber. dtsch. bot. Ges. 71: 
188-193. 

Polster, H., and S. Fuchs. 1963. Winterassimilation und 
-atming der Kiefer (Pinus silvestris L.) im 
mitteldeutschen Binnenlandklima. Arcj. F„ Forstw. 
12:1011-1023. 

Printz, H. 1933. Granens og furuens fysiologi og geograf-
iske utbredelse. Nyt. Mag. f. Naturvidensk. 73: 
176-219. Cited by: Freeland, 1944. 

Rabinowitch, E. I. 1945. Photosynthesis and related 
processes, Vol. I. Interscience, New York. 599 pp. 

Rabinowitch, E. I. 1951. Photosynthesis. Vol. II. Part 
I. Interscience, New York. 605 pp. 

Rutter, A. J. 1957. Studies in the growth of young 
plants of Pinus sylvestris L. I. The annual cycle 
of assimilation and growth. Ann. Bot. 21:399-425. 

Schulman, E. 1945. Tree-ring hydrology of the Colorado 
River Basin. Univ. of Ariz. Bull. 16(4):1-51. 

Schulman, E. 1947. Tree-ring hydrology in Southern 
California. Univ. of Ariz. Bull. 18(3):l-36. 

Schulman, E. 1956. Dendroclimatic changes in semiarid 
America. Univ. of Ariz. Press, Tucson. 142 pp. 



98 

Schulze, E. D., H. A. Mooney, and E. L. Dunn. 1967. 
Wintertime photosynthesis of bristlecone pine in 
the White Mountains of California. Ecology 48: 
1044-1047. 

Soumi, V. E., D. 0. Staley, and P. M. Kuhn. 1960. A 
direct measurement of the infra-red radiation 
divergence to 160 mb. Quart. J. Roy. Meterol. 
Soc. 84:134-141. 

Stalfelt, M. G. 1935. Spalt offnungsweite als Assimi-
lations-faktor. Planta. 23:715-759. 

Stocker, 0. 1954. Der Wasser- und Assimilationshaushalt 
sudalgerischer Wustenpflanzen. Ber. dtsch. bot. 
Ges. 67:288-298. 

Stocker, 0. 1960. Die photosynthetischen Leistungen der 
Steppin- und Wusten- pflanzen. In: W. Ruhland 
(ed.), Handbuch der Pflanzenphysiologie, vol, 5. 
no. 2, pp. 4 60-491. Berlin, Gottingen-heidelberg, 
Springer-Verlag. 

Strothmann, R. O. 1967. The influence of light and moisture 
of the growth of red pine seedlings. Forest Sci. 
13:182-191. 

Tibbals, E. C., E. K. Carr, D. M. Gates, and F. Kreith. 
1964. Radiation and convection in conifers. 
Amer. J. Bot. 51:529-538. 

Tranquillini, W. 1954. Uber den Einfluss von Uber-
temperaturen der Blatter bei Dauereinschluss in 
Kuvetten auf die okologische C02-Assimilations-
messung. Ber. dtsch. bot. Ges. 67:191-204. 

Tranquillini, W. 1964. Photosynthesis and dry matter 
production of trees at high altitudes. In: 
Formation of wood in Forest Trees. Academic Press, 
New York. pp. 505-518. 

Van Den Briessche, R., and P. F. Wareing. 1966. Dry matter 
production and photosynthesis in pine seedlings. 
Ann. Bot. (London). 30:673-682. 

Watt, R. F. , and W. H. D. McGregor. 1963. Growth of four 
northern conifers under long and natural photo-
periods in Florida and Wisconsin. Forest Sci. 
9:115-128. 



99 

Zahner, R., and J. R. Donnelly. 1967. Refining cor
relations of water deficits and radial growth 
in young red pine. Ecology 48:525-530. 

Zeller, 0. 1951. Uber Assimilation und Atmung der 
Pflanzen im Winter bei tiefen Temperaturen. 
Planta 39:500-526. 


