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Abstract

Loblolly pine (Pinus taeda) seedlings were grown under ambient and 

twice ambient ozone levels to determine the seasonal patterns of carbon 

allocation and the effects of ozone on that allocation. Aboveground and 

belowground biomass was determined and the foliage, stem, coarse root, and 

fine root components were analyzed for ^C-labelled photosynthate at each 

harvest. In the seedlings grown under ambient ozone levels the aboveground 

growth occurred most rapidly during the earlier months of the growing season 

while root growth occurred most rapidly at the end of the growing season. The 

seedlings grown under twice ambient ozone levels showed the same seasonal 

growth patterns. There were no statistically significant effects of elevated ozone 

levels on either biomass components or carbon allocation.

vii



Introduction

Preliminary investigations done at the Oak Ridge National Laboratory

• (ORNL) in Oak Ridge, Tennessee suggest that ozone fumigation may effect 

loblolly pine seedlings (Pinus taeda) in three ways: by altering allocation of 

photosynthate between stems and foliage, by producing a shift in allocation 

between shoots (stem and foliage) and roots, and by a reduction in root biomass 

due to this shift in allocation between shoots and roots (G. E. Taylor, 1987, ORNL 

personal communication). However, the results to date have been variable due 

to sampling done at different developmental stages, and sampling done during 

different seasons.

In order to study the effects of gaseous pollutants, such as ozone, on the 

growth of loblolly pine seedlings, it is first necessary to understand how the 

seedlings function under normal conditions. From this understanding, it becomes 

possible to separate results due to ozone fumigation from those due only to the 

normal physiological processes of the seedling. At this point, conclusive 

evidence on the effect of ozone on carbon allocation in loblolly pine (Pinus taeda) 

is lacking because there is not a complete understanding of how a loblolly pine 

allocates its carbon throughout the growing season under normal conditions.

Therefore, the purpose of this study was two-fold. The foremost objective 

was to determine the seasonal patterns of whole plant carbon allocation in

• loblolly pine grown under field conditions. This would provide the basis needed 

to determine the true effects of environmental factors. The second objective was 

to determine the effects of ozone fumigation on carbon allocation by comparing
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the allocation patterns expressed in these seedlings to those patterns expressed 

by the seedlings grown in ambient conditions.
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Literature Review

Seasonal Growth Patterns

• Environmental factors, such as temperature or light intensity, can affect 

the budgeting, or allocation, of carbon within a loblolly pine seedling throughout 

the growing season. Analysis of the seasonal patterns of photosynthesis and 

respiration, and the subsequent exchange of CO2 between different plant 

components may be beneficial to constructing physiological models for the 

explanation of tree growth (Ledig 1969). It has been shown that rates of 

photosynthesis and dark respiration in loblolly pine grown in an outdoor nursery 

vary throughout the year (Drew and Ledig 1981). Rates of photosynthesis begin 

to increase in March and remain high until late summer (August) before 

beginning to decline to reach a low in February. This shows a strong correlation 

between seasonal fluctuations in net photosynthesis and progressive shifts in 

temperature response or acclimation. Some of the increase in photosynthesis 

can be attributed to growth of the seedling and therefore an increased 

photosynthetic surface, however, most is due to an increased photosynthetic 

capacity of the needles present already (McGregor and Kramer 1963). In a 

similar manner, the decrease in the rate of photosynthesis in the fall is due to a 

decrease in the photosynthetic capacity rather than a loss of needles (McGregor 

and Kramer 1963). Similar results have been shown for field grown loblolly pine 

measured in situ (Strain, Higginbothan, and Mulroy 1976) and for white pines

• (McGregor and Kramer 1963).

Seasonal patterns similar to those for photosynthesis are seen in the 

rates of dark respiration with a correlation between high rates and periods of 

rapid growth (Drew and Ledig 1981). In the shoot, peaks occur during May/June
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and in October. Rates in the roots show a competetive, antagonistic trend with 

respect to the shoot. When shoot elongation decreases in the fall, carbohydrates

* then become available to the root for growth and storage. This is consistent with

the findings of Krueger and Trappe (1967) for Douglas fir. During the growth 

cycle, shoot and root growth show alternating patterns. This episodic growth has 

also been documented for Sitka spruce and lodgepole pine (Cannell and Willett 

1976).

Ozone Effects

For the past several decades, natural pine stands in the United States 

have been experiencing a decline in growth. This decline has affected the pine 

in the San Bernardino National Forest (Miller 1984), white pines of the 

Cumberland Plateau (McLaughlin 1985), and yellow pines, including loblolly 

pines (Sheffield 1987), the principle commercial forest species of the Southeast 

(Drew and Ledig 1981). Over the last 30 years, yellow pines have shown a 

reduction of 30-50% in diameter growth rates (Sheffield 1987).

A number of hypotheses have been proposed to account for this decline 

including drought, competition by hardwoods, and nutrient deficiencies.

However, the evidence is increasing that one of the primary factors may be 

photochemical oxidants (McLaughlin 1985). Ozone is considered to be the major 

phytotoxic pollutant in eastern North America (Skelly, Chevone, and Yang 1982).

t Ozone is formed by two pathways. It occurs in the photolytic nitrogen

dioxide cycle where in the presence of sunlight, nitrogen dioxide dissociates to 

nitrogen oxide and a free oxygen molecule. The free oxygen molecule then 

combines with atmospheric oxygen to produce ozone. The cycle is completed
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when ozone is degraded by first combining to nitrogen oxide and then splitting to 

form nitrogen dioxide and oxygen. Within the cycle, the concentration of ozone

• remains constant because it is formed and degraded at a constant and equal 

rate. In the second pathway, however, the concentration of ozone may actually 

increase. When hydrocarbons (aldehydes, toluenes, ketones, etc.), produced by 

natural or man-made sources, are added to the cycle a disruption occurs at the 

point where ozone is degraded. The hydrocarbons react with the nitrogen oxide 

to form ozone. This combination prevents the nitrogen oxide from reacting with 

the previously formed ozone to complete the cycle.

Ozone affects a seedling's physiological processes only to the extent it 

diffuses into the foliage through the stomatal pores. It has no effect on the 

seedling externally. Once inside, the ozone becomes dissolved in the water of 

the mesophyll cells and produces a variety of biochemical and cytological 

changes that in turn cause changes in growth and development (Heath 1980, 

Mudd and Kozlowski 1975).

Changes in the seedling's physiological processes due to ozone stress 

may affect its ability to withstand other biotic or abiotic factors. There may be an 

alteration in water relations ocurring due to either a reduced ability for the 

seedling to take up water from the soil or by a loss of capacity to control water 

loss through transpiration (McLaughlin 1985). The reduced ability of the seedling 

to take up water could be caused by a reduction of root biomass due to a reduced

• or altered allocation of carbon, an increase in respiratory loss, or a reduction of 

photosynthesis thereby decreasing the amount of photosynthate available.

Barnes (1972), in agreement with this idea, found that seedlings experiencing 

ozone stress show a stimulation of respiration and also a reduction in
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photosynthesis. If more of the carbohydrates are used during respiration to repair 

ozone damaged tissues and carbon allocation is altered, less photosynthate will

• be available for growth and storage in the root system. Adams (1988) also found

more carbon was lost to respiration, and in addition, starch concentrations, the 

major form of reserve carbohydrate (EbelH 969), and carbon allocation in the root 

systems were reduced in seedlings exposed to elevated levels of ozone. 

However, there were no significant effects on the root system biomass, the total 

seedling biomass, or the root/shoot ratio. This suggests a reduction of produced 

photosynthate rather than an altered pattern of carbon partitioning.

Through these findings, it becomes apparent that atmospheric pollutants, 

namely ozone, may have some adverse affects on loblolly pine. However, much 

more research is needed both on seedlings exposed to ozone and seedlings 

grown under ambient conditions before it will be possible to reach any definite 

conclusions.
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Materials and Methods

Seedlings:

* Ninety-six loblolly pine seedlings (Pinus taeda) of a family that has been 

successfully outplanted in the Knoxville/Oak Ridge, Tennessee area were potted 

up. Three quart pots were used and the soil was of the A horizon of a Lilly series 

(fine, loamy silicious mesic Typic Hapludult). These seedlings were randomly 

numbered before being placed in the chambers

Chambers and Treatment:

The seedlings were placed in eight chambers (twelve seedlings per 

chamber) at the Air Pollution Effects Field Research Facility at the Oak Ridge 

National Laboratory . Each chamber was equipped with an automated system for 

exclusion of both ambient incident rainfall and gaseous pollutants and for the 

subsequent addition of chamber-specific rainfall and ozone levels. All eight 

chambers received the equivalent of ambient rainfall (pH 5.2). In addition, during 

extended dry periods each seedling received equal amounts of deionized, 

distilled water. Four of the chambers were designated to receive ambient ozone 

levels while the other four chambers received ozone levels equal to twice 

ambient.

Tagging with 14C:

• One week prior to each harvest date, two seedlings from each chamber 

(sixteen total) were brought into the laboratory greenhouse for labelling with 14C. 

Tagging was done by placing four seedlings at a time in a 90x60x72cm wood 

and teflon tagging chamber. High intensity discharge sodium vapor lamps
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(400 W) were mounted above the tagging chamber to provide illumination. The 

14CC>2 (19.9pCi/l) was pumped into the chamber at a flow rate of 6 l/min for a 30s

® exposure time. A small fan in the chamber ensured circulation of the 14CC>2.

Following this, injection was halted and the gas was circulated for another 90s 

period before the chamber was vented and the gas pumped out. Following the 

tagging, the seedlings were returned to the field site and their respective 

chambers until the harvest date.

Foliage Sampling

For each tagged seedling, foliage samples were taken on day 0 

(immediately after tagging), day 1, day 3, and day 7 (actual harvest date). Foliage 

samples consisted of 2-3 fascicles taken from along the stem. They were 

immediately frozen with liquid N2 and then stored in the freezer until the entire 

plant had been harvested and analysis could be done.

Harvesting:

There were five harvest dates spaced periodically (approximately every 

five weeks) throughout the growing season (May 1987 through October 1987).

For each harvest, the seedlings were separated at the ground line into shoots 

and roots and all components were dried to a constant mass in a forced-draft 

oven at 70°C. When the components were completely dried, they were further

• separated into remaining foliage, stems, coarse roots (diameter > 1 mm), and fine

roots (diameter < 1 mm). After the biomass was determined for each component, 

the roots and stems were ground to pass through a 40 mesh Wiley mill screen.
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Analysis for 14C:

Foliage samples and subsamples (approximately 0.1 OOg) of ground fine 

roots, coarse roots, and stems were combusted using a Packard Model 306 

Tri-Carb Sample Oxidizer. The released 14CO2 was trapped and dissolved in 

scintillation cocktail which was subsequently counted in a Packard Tri-Carb 460C 

Automatic Liquid Scintillation Counter. The allocation of each seedling's 

14C-label led photosynthate was expressed as a percentage of the initial (day 0) 

uptake and as a percentage of the 14C tag remaining in each component on the 

harvest date (day 7).

Statistical Analysis:

All statistical analysis was done by a statistician (John Beauchamp) at 

ORNL using analysis of variance. Analysis of the carbon allocation data was 

conducted on transformed data using the log transformation (natural logarithm) 

because the means and standard deviations were found to be significantly 

correlated. This transformation changes the values of the data, but not the 

conclusions that are drawn from the analysis. However, analysis of height, 

diameter, and biomass data was done using non-transformed data.
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Results

Ambient Seedlings

Results of the data analysis showed that the changes that occurred between the 

harvests were statistically significant. That included the carbon allocation data 

and the biomass data for each component, total biomass, and root/shoot ratios.

Short-Term Dynamics Aboveground:

Examination of the data showed a rapid mobilization of photoassimilated 

14C out of the sites of manufacture consistently throughout the five harvests of 

the growing season. Translocation of the 14C out of the foliage occurred most 

rapidly during the first 24 hours after tagging (Fig. 1, p.11). It varied from a high of 

64.24% of the initial uptake in the second harvest to a low of 30.43% in the fourth 

harvest. Following the first 24 hours, there was a continued loss of 14C from the 

foliage but at a much slower rate. The third harvest was an exception to this 

pattern in that following the initial large loss of assimilated photosynthate, some 

was returned to the foliage and the level of 14C increased rather than showing 

the usual decline.

The first, second, and fifth harvests showed the greatest total loss of 14C 

from the foliage. Only 21.49%, 22.06%, and 28.67% remained respectively. The 

third and fourth harvests showed the greatest retention of 14C with 54.22% and 

45.50% remaining respectively.

Translocation of ^4C Analyzed by Harvest:

Some of the 14C photosynthate lost from the foliage was lost from the 

seedling entirely, probably due to maintenance respiration. The remaining
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portion of initial uptake could be found in the three basic sinks of 14O: foliage

• stem, and the root system which was further broken down into coarse roots and 

fine roots as described earlier. By comparing the amounts of 14C found in each 

of these sinks (Fig. 2, p.13) it was possible to establish trends in carbon allocation 

throughout the growing season.

In the first harvest, of the 14C photosynthate not lost to maintenance 

respiration after 7 days, the majority of the initial tag remained in the foliage. The 

remaining fraction was allocated in decreasing amounts to the stem, coarse roots, 

and fine roots with the fine roots receiving the least amount of photosynthate.

The second harvest showed a similar pattern with one exception. The 

majority of the remaining 14C was again found in the foliage followed by the 

stem. But in this case, the fine root system received more photosynthate than the 

coarse root system.

The third harvest showed the exact pattern of the second. However, as 

was noted before, the foliage retention was much higher in this harvest than was 

seen in the first two harvests.

The fourth harvest showed another shift in the pattern. This again was the 

other harvest showing the greatest retention in the foliage. However, the 

remaining photosynthate was now preferentially allocated to the fine root system 

rather than to the stem as was seen in all the prior harvests.

• In the fifth and final harvest, the amount of photosynthate in the fine root 

system actually increased above that retained by the foliage although not

1 2



%
 In

iti
al

 U
pt

ak
e

60

Harvest

I Foliage 
S3 Stem 
® Coarse Root 
□ Fine Root

Figure 2. Comparisons of the amount of14C, expressed as a

percentage of the initial uptake, found in each component 

of the ambient seedlings grouped according to harvest.

CORETTE LIBRARY 
CARROLL COLLEGE

1 3



significantly statistically. The amount in the foliage was followed by the stem and

coarse roots.
ft

Translocation of 14C Analyzed by Component:

Comparing the amounts of 14C photosynthate in each component at each 

harvest (Fig. 3, p.15) gaves an indication of how each component functioned 

throughout the growing season. From this it was possible to establish seasonal 

trends for each component independently of the others.

The foliage showed various levels of "*4C retention throughout the 

growing season. As was pointed out before, the greatest retention occurred in 

the third and fourth harvests. In those two harvests approximately 50% of the 

intitial tag remained, while the other three harvests showed only a 20-30% 

retention.

The amount of photosynthate found in the stem showed very little 

variation throughout the growing season. It also seemed to follow no definite 

pattern. Levels varied only from 7.72% in the second harvest to 13.0% in the third 

harvest.

The coarse root system also showed very little variation in the amount of 

14C it accumulated. A low of 3.15% was expressed in the second harvest, while 

the high was 7.20% in the first harvest.

The fine root system, like the foliage, exhibited a marked increase. That 

ft increase, however, occurred as a consistent increase with each consecutive

harvest rather than peaking and then declining as the foliage did. The amount of 

14C labelled photosynthate increased from a low of 5.29% in the first harvest to a 

high of 30.01% in the fifth harvest.
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Whole Plant Biomass:

The total shoot biomass and the total root biomass can be used as an

• indicator of the aboveground and belowground growth. Comparing the 

root/shoot ratios at each harvest indicates how the growth of one compares to the 

other throughout the growing season.

Analysis of the data (Table 1, p.17) showed that while the aboveground 

biomass continued to increase throughout the growing season, the increment of 

growth decreased with each successive harvest. In contrast, the total 

belowground biomass also increased throughout the growing season, but the 

increment of growth between each harvest increased rather than decreased.

This shows that aboveground growth was slowing while the belowground growth 

was speeding up as the growing season progressed. Because of these patterns, 

the root/shoot ratio also showed an increase over each harvest. It began at a low 

of 0.33 at the first harvest and increased to 0.81 at the fifth harvest.

Ozonated Seedlings
Results of the data analysis on the ozonated seedlings showed that while the 

seedlings varied significantly statistically between harvests, there were no 

significant variations between the ozonated seedlings and the ambient seedlings. 

This tends to indicate no significant treatment effects on either carbon allocation

* or any of the biomass aspects. Therefore, comparisons of the ozonated 

seedlings to the ambient seedlings were made, but the differences were not 

significant statistically.
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Table 1. Mean ambient aboveground and belowground biomass and 

root/shoot ratios

Harvest Abovea round Change Belowa round Chanae Root/Shoot

1 2.89 ±0.98 0.94 ±0.36 0.33

1.68 0.68

2 4.57 ± 1.87 1.62 ±0.55 0.35

0.90 0.35

3 5.47 ± 1.58 1.97 ±0.57 0.36

0.43 1.01

4 5.90 ± 1.43 2.98 ±0.87 0.51

0.11 1.72

5 5.79 ± 2.06 4.70 ± 2.60 0.81
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Short-Term Dynamics Aboveground:

The ozonated seedlings showed the exact pattern of mobilization the ambient
A

seedlings showed. Once again there was a rapid mobilization of the 

photoassimilated 14C out of the foliage during the first 24 hours (Fig. 4, p.19). 

Thereafter, the rate of mobilization slowed down. The third harvest showed the 

same exception in that the amount of photosynthate found in the foliage 

continued to decrease until day 3, but then on day 7 the 14C level had increased 

again.

The greatest total loss of 14C photosynthate was again seen in the first, 

second, and fifth harvests. And the greatest retention was seen in the third and 

fourth harvests.

Translocation of 14C Analyzed by Harvest:

Once again, the patterns of translocation of photosynthate from the foliage to 

the stem and root systems were similar to those seen in the ambient seedlings 

(Fig. 5, p.20). The values varied slightly, but the trends were the same.

The fifth harvest showed one difference. The amount of photosynthate 

found in the fine root system did not increase above the amount found in the 

foliage as it did in the ambient seedlings.

Translocation of 14C Analyzed by Component:

♦ In this comparison also there were similar trends (Fig. 6, p.21). The amount

retained in the foliage increased during the first part of the growing season and 

then began to decline. The stem and coarse root components again showed

1 8
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very little variation between the five harvests. And the14C photosynthate

allocated to the fine roots continued to increase with each successive harvest.
W

Whole Plant Biomass:

Analysis of the biomass data showed a similar pattern in root/shoot ratios 

to those of the ambient seedlings, but variations occurred in the aboveground 

and belowground trends (Table 2, p. 23). The aboveground biomass increased 

with

each consecutive harvest except the final one in which the average aboveground 

biomass was actually less than the previous harvest. The increments of growth 

also fluctuated rather than being smaller at each harvest. The belowground 

biomass continued to increase at each harvest, but the increments of growth here 

also fluctuated rather than being consistantly larger. The root/shoot ratio, 

however, did increase throughout the growing season as it did in the ambient 

trees.
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Table 2. Mean ozonated aboveground and belowground biomass and 

root/shoot ratios

Harvest Abovea round Change Belowaround Chanae Root/Shoot

1 2.94 ±0.81 0.98 ±0.28 0.33

1.42 0.49

2 4.36 ± 1.38 1.47 ±0.45 0.34

1.16 0.43

3 5.52 ± 2.30 1.90 ±0.60 0.34

0.80 1.78

4 6.32 ± 1.51 3.68 ±1.80 0.58

0.39 1.08

5 5.93 ±0.66 4.78 ± 1.70 0.80
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Discussion

Ambient Seedlings
Ju.
w The first 24 hours after tagging in every harvest showed the most rapid

mobilization and loss of the 14C photosynthate. This suggested that if the 14C 

photosynthate was not translocated from the foliage during the first 24 hours, it 

would probably remain there and become incorporated into the foliage. The 

portion of the initial tag lost from the seedling was most likely due to maintenance 

respiration as the seedling carried on its normal physiological processes. Other 

possible sources for the loss included exudates given off by the seedling or loss 

of some of the smaller fine roots when they were separated from the soil during 

the harvest.

The patterns of total loss and retention of 14C photosynthate in the foliage 

suggested that the majority of new needle growth occurred during the middle 

portion of the growing season (July and August) when retention was the highest. 

During the rest of the growing season, while a large portion of the 14C 

photosynthate was still retained by the foliage, more was being allocated to other 

components.

The allocation to the stem and coarse roots fluctuated very little 

throughout the growing season. This showed that even though there was a 

steady growth and maintenance for each of these components, no one period of 

the growing season was more productive than any other.

< The fine roots were the other component that showed very definite trends

over the course of the growing season. During the first few months, allocation to 

the fine roots remained low indicating little growth. But as the growing season 

progressed, more was allocated to the fine roots each time. This suggested that
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as it got later in the growing season, more of the produced 14C photosynthate 

was being used to promote growth of the fine roots and was being stored as
* reserve carbohydrates for the coming winter months.

Comparing the patterns of allocation in the foliage to those in the fine 

roots suggested a sinusoidal pattern for each, but with peaks occurring at 

opposite ends of the growing season. This idea was supported by the biomass 

data. The peak aboveground growth occurred during the early part of the 

growing season when the belowground growth was slow. But then as the rate of 

aboveground growth decreased, the rate of belowground growth increased to 

reach a peak at the end of the growing season.

Ozonated Seedlings

The seedlings exposed to twice ambient levels of ozone showed no 

statistically significant treatment effects on any aspect of growth or carbon 

allocation when compared to the seedlings exposed to ambient levels. This 

suggested that elevated levels of ozone had no adverse effects on loblolly pine 

seedlings which refutes the hypotheses made at the outset of the study. It also 

contradicts results found in past studies as cited in the literature review. There 

was no reduction of root biomass in either the fine roots or coarse roots, or any 

reduction of aboveground growth.

The lack of effect could possibly be explained by the short time the 

< seedlings were actually exposed to the elevated levels of ozone. The seedlings

were only exposed to the ozone treatments for five months. Most of the past 

studies have taken place over longer periods of time such as two or more 

growing seasons. It is possible that adverse effects of ozone levels of twice

25



ambient occur only after extended periods and so would only become apparent 

when the seedlings became older.
$

26



References Cited

ADAMS, M. B. 1988. Carbon Allocation and Nutrition. IN (S.B.
MCLAUGHLIN, ed) Comparing Sensitivity, Mechanisms and Whole Plant 
Physiological Implications of Responses of Loblolly Pine Genotype to
Ozone Exposure, (in preparation).

BARNES, R. L. 1972. Effects of chronic exposure to ozone on
photosynthesis and respiration of pines. Environ. Pollut. 3:123-138.

CANNELL, M.G.R., and S.C. WILLETT. 1976. Shoot growth phenology, dry 
matter distribution, and root:shoot ratios of provenances of Populus 
trichocarpa. Picea sitchensis. and Pinus contorta growing in Scotland. 
Silvae. Genet. 25:49-59.

DREW, A. P., and F. T. LEDIG. 1981. Seasonal patterns of CO2
exchange in the shoot and root of loblolly pine seedlings. Bot. Gaz. 
42:200-205.

EBELL, L.F. 1969. Specific total starch determinations in conifer tissue with 
glucose oxidase. Phytochem. 8:25-36.

HEATH, R.L. 1980. Initial events in injury to plants by air pollutants. Annu. Rev. 
Plant Physiol. 31:395.

KRUEGER, K.W., and J.M. TRAPPE. 1967. Food reserves and seasonal growth 
of Douglas fir seedlings. Forest Sci. 13:192-202.

I
LEDIG, F.T. 1969. A growth model for tree seedlings based on the rate of

photosynthesis and the distribution of photosynthate. Photosynthetica 
3:263-275.

27



MCGREGOR, W.H.D., and P. J. KRAMER. 1963. Seasonal
trends in rates of photosynthesis and respiration of loblolly pine and white 
pine seedlings. Am. J. Bot. 50:760-765.

MCLAUGHLIN, S.B. 1985. Effects of air pollution on forests: A critical review. 
Journal of Air Pollution Control Association. 35:512-534.

MILLER, P.R. 1984. Ozone effects in the San Bernardino National Forest. IN 
(D.D. Davis, A.A. Miller, and L. Dochinger eds.), Izaac Walton League of 
America, Arlington, VA. pp. 161 -197.

MUDD,J.B., T.T. KOZLOWSKI, eds. 1974. Responses of Plants to Air Pollution. 
Academic Press, NY.

SHEFFIELD, R. M., and N. D. COST. 1987. Behind the decline.
Journal of Forestry. 85:29-33.

SKELLY, J.M., B.l. CHEVONE, and Y.S. YANG. 1982. Effects of ambient 
concentrations of air pollutants on vegetation indigenous to the Blue 
Ridge Mountains of Virginia. IN International Symposium in 
Hydrometerology. American Water Resourses Association, Urbana, IL. 
pp.69-73.

STRAIN, B.R., K.O. HIGGINBOTHAN, and J.C. MULROY. 1976. Temperature 
preconditioning and photosynthetic capacity of Pinus taeda L. 
Photosynthetica 10:47-53.

TAYLOR, G.E., JR., and N.T. EDWARDS. 1985. Influence of ozone, acidic 
precipitation, and soil magnesium level on the growth of loblolly pine 
under field conditions. A Statement of Work to the Tennessee Valley 
Authority.

28


