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PHYSIOLOGICAL AND GROWTH RESPONSES TO THINNING

IN EIGHT-YEAR-OLD LOBLOLLY PINE (gings gagga L.)STANDS

by
Shannon Elizabeth Ginn

(ABSTRACT)

The influence of thinning at age eight on the photosynthetic rate,

needle conductance, xylem water potential, water use efficiency and

growth of loblolly pine trees was studied during their ninth and tenth

growing seasons. Litterfall dynamics were monitored throughout the

study period as well.

At the end of the second post-thinning growing season, trees in

thinned plots had greater stem diameters, greater live crown ratios,

greater live crown diameters and greater average volumes and basal

areas than did trees in control plots.

Significant physiological changes due to thinning were observed

only in the lower crowns where needles were found to adapt to the

sudden increase in available light by adjusting their physiology to

resemble that of sun needles. Lower crown photosynthesis and needle _

conductance in thinned plots were more similar to upper crown values

for these parameters than to lower crown, control plot values.

Foliage produced during the current year and measured after full

elongation had a higher average photosynthetic rate, needle conductance

and lower average water potential than did foliage in its second

growing season during both 1988 and 1989. Additionally, the water use

efficiency of current—year foliage was significantly greater than that

of the second·year foliage.



In both thinned and control plots, significant diameter growth and

photosynthesis continued throughout the dormant season although at a

slower rate than during the growing season. Litterfall timing did not

differ between thinned and control plots, nor did the amount of

litterfall per unit basal area during the first year following

thinning. Partial second-year data suggest that subsequent litterfall

amounts will mirror the greater average crown size in thinned plots,
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I
INTRODUCTION AND JUSTIFICATION

Thinning of loblolly pine (Pinus taeda L.} stands after canopy

closure is a common forest management practice in the southeastern

United States. Thinning has been shown to increase growth rates of

residual trees (Della-Bianca and Dils, 1960, Zahner and Whitmore 1960,

Bassett 1964, Mader 1978, Brix 1982, Lavigne 1988). Thinning also

allows forest managers to choose the trees to which the additional

growth will be allocated and to harvest growth that would otherwise be

lost to mortality (Della-Bianca and Dils 1960, Smith 1986).

The benefits of thinning have long been recognized, yet the

specific physiological processes responsible for the increased growth

rates are unknown. Thinning has been found to affect the amounts of

moisture (Della-Bianca and Dils 1960, Zahner and Whitmore 1960,

McClurkin 1961, Rogerson 1968, Sucoff and Hong 1974, Brown 1978, Brix

1982, Donner and Running 1986), nutrients (Mader 1978) and light

(Whitehead et al. 1984) available to residual trees as well as

affecting temperatures within the stand and on the forest floor

(Della-Bianca and Dils 1960).

Many investigators (Della-Bianca and Dils 1960, Brown 1978, Mader

1978, Brix 1982) have attributed the effects of thinning on growth to

changes in availability of water and to the consequent effects on

photosynthesis. The purpose of this study is to examine, directly, the

effects of thinning on a variety of physiological variables including

foliage water potential, photosynthesis, and stomatal conductance in

order to determine the physiological processes by which thinning

increases growth.
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OBJECTIVES

The specific objectives of this study were:

l) To determine the relationship between the physiological

effects of thinning and growth in diameter and live crown

dimensions, as well as whole stand volume and needle surface

area growth, through two growing seasons immediately

following the thinning of eight-year-old loblolly pine

stands planted on an old field site.

2) To evaluate the effects of thinning on the photosynthetic

rate, needle conductance, twig water potential and nutrient

content of upper and lower crown needles in eight-year-old

loblolly pine stands planted on an old field site.

3) To quantify the effects of thinning on the timing and volume

of litterfall in eight-year-old loblolly pine stands planted

on an old field site and to investigate any

relationship between physiological variables and litterfall.
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LITERATURE REVIEW

Water Balance, Thinning and Growth

It has repeatedly been demonstrated that thinning increases

growth of residual trees. Bassett (1964) found that in a 30-year·old

stand of loblolly pine, plots thinned to 12.6 m2 of basal area per

hectare grew continuously throughout the summer while plots thinned to

28.7 m2/ha grew only when available soil water in the surface .305 m of

soil under the crowns exceeded 40% and the daily potential

evapotranspiration was less than 0.61 cm of water. These density

differences resulted in an average DBH growth increment of 8.1 cm in

the plots thinned to 12.6 m2/ha and only 4.8 cm in the plots thinned to

28.7 m2/ha over the four years following thinning. Della-Bianca and

Dils (1960) found that in the growing season two years after thinning a

37-year·old red pine plantation, trees thinned to 18.4 m2/ha grew and

average of 0.30 cm in dbh while those thinned to 43.6 m /ha grew only

half that amount.

Zahner and Whitmore (1960) thinned plots in a 9-year-old stand of

loblolly pine with an original average basal area of 16.1 m2/ha. They

found that thinning to 2.3 m2/ha resulted in an average 5-year DBH

increase of 10.9 cm while thinning to 6.9 m2/ha at age 9 and again at

age 12 resulted in an 8.6 cm increase in DBH. During the same five

year period, the trees in the unthinned control plots averaged 4.8 cm

of DBH growth.

Thinning increased individual tree height and diameter growth, but:

reduced total stand growth five years after thinning in 15-year·old

3



Ä
4

balsam fir (Abies balsamea (L.) Mill.) stands (Lavigne 1988). Foliar

weight per hectare was two to four times as great in unthinned plots as

in thinned plots, indicating that trees in thinned plots had not yet

expanded their crowns to fill the available space: site resources were

not being fully utilized even five years after thinning.

As suggested by Bassett's (1964) study, water balance is perhaps

the most important factor affecting tree growth. The availability of

moisture throughout the growing season and the efficiency with which

available moisture is used control the physiological processes by which

trees grow.

A number of studies have shown that thinning of forest stands

increases available moisture and that growth increases are closely

correlated with the increased moisture levels. Zahner and Whitmore

(1960) found that soil moisture depletion rates in loblolly pine stands

were inversely related to thinning intensity. They attributed this to

differences in the number and distribution of living roots. Rogerson

(1968) showed that thinning also increases available soil moisture in

stands of loblolly pine by increasing precipitation throughfall.

In a study by Sucoff and Hong (1974), red pine (Pinus resinosa

Ait.) needle water potentials were higher in thinned stands than in

unthinned stands, indicating an increase in available soil moisture

after thinning. Examining the soil beneath thinned and unthinned

shortleaf pine (Pinus echinata Mill.) stands, McC1urkin (1961) found a

significant difference in available soil moisture in the latter half of

the growing season. This difference corresponded with significantly

different diameter growth rates in the second season following
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thinning, De11a—Bianca and Dils (1960) observed similar results in

their study of red pine. They found that in the second growing season

after thinning, trees in thinned stands continued to grow until late

August while those in unthinned stands stopped growing in mid-July.

These differences were correlated with differences in available soil

moisture. They attributed the increased soil moisture in thinned

stands mainly to reduced root competition, though throughfall was

increased slightly as well.

Donner and Running's (1986) study of lodgepole pine (Pinus contorta

Dougl. ex Loud.) stands in Montana showed higher late summer water

potentials in thinned stands in both the first and second growing

seasons following thinning, In southeastern Arkansas, Bassett (196Q)

found that growth of loblolly pine in unthinned stands was dependent

upon the percentage of available soil moisture while growth in thinned

stands occurred continuously throughout the growing season. Bassman

4 (1988) found that the rate of recovery of late afternoon water

potentials during the summer was inversely related to density in

lodgepole pine stands. He concluded that this delayed water potential

recovery was limiting growth in dense stands.

Moehring and Ralston (1967) demonstrated that loblolly pine

diameter growth was dependent not only on available soil moisture, but

also on the rate of soil moisture loss. No growth occurred during _

periods of rapid soil moisture loss regardless of overall availability

of water. The reason for this is that internal water deficits are high

whenever evapotranspiration is high (Moehring and Ralston 1967, Brown

1978) and the internal water balance of a tree affects its growth.
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Water Balance, Thinning and Photosynthesis

The internal water balance of a tree influences carbon gain via its

effects on physiological processes, particularly photosynthesis. Water

stress has four main physiological effects which influence

photosynthetic rates. Water deficits:

1) cause stomatal closure (Kozlowski 1958, Crafts 1968,

Brown 1978, Mader 1978, Kozlowski 1982);

2) increase resistances to COQ diffusion from the air

outside the leaf to chloroplasts within the leaf (Crafts

1968, Slavik 1975, Kozlowski 1982, Farquhar and Sharkey

1982);

3) reduce enzyme activity and protein synthesis (Crafts

1968, Brown 1978, Kozlowski 1982);

4) reduce leaf area both in the short term by decreasing

cell elongation (Brown 1978) and in the long term by

reducing all forms of new growth (Kozlowski 1982, Teskey

et al. 1987).

When leaf water potential reaches some critical value,between -1.0

and -1.5 MPa in loblolly pine (Teskey et al. 1986), stomates begin to

close, reducing the photosynthetic rate (Kozlowski 1982). Stomatal

closure frequently occurs during midday when the transpiration rate

exceeds the rate of water absorbance within the root and the rate of

translocation through the tree. This increased stomatal resistance is

dependent on temperature and relative humidity, factors that affect the

transpiration rate, and occurs even when the amount of available soil

moisture is high. Under these circumstances, stomates often reopen
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later in the day as the temperature and relative humidity become more

favorable and the water potential of the plant rises due to absorbance

of available soil moisture. Because the diffusion of CO2 into a leaf

occurs mainly through the stomata, this midday stomatal closure is

often a factor limiting photosynthesis.

Where soil moisture levels are low, stomatal closure occurs earlier

in the day. When stress is severe, stomata may remain closed until

stress is alleviated by precipitation.

Water deficits make diffusion of CO2 into the leaf more difficult
even before the reduction in stomatal conductance that accompanies

stomatal closure. lnward CO2 movement is limited by the boundary

resistance of the leaf, cuticular and stomatal resistances and

mesophyll resistance (Slavik 1975, Kozlowski 1982). Resistances in the

mesophyll include resistance to the diffusion of CO2 gas through

intercellular spaces, resistance to the solution of CO2 at the

air-water interface and finally resistance to intracellular movement of

dissolved CO2 (Slavik 1975, Kozlowski 1982). All of these resistances

are increased by increasing water stress (Kozlowski 1982). Farquhar

and Sharkey (1982) and Teskey et. al (1986) contend that reduced

mesophyll conductance is the major water stress-induced factor limiting

photosynthesis.

Seiler and Johnson (1988) found that mesophyll resistances

increased with decreasing water potentials in loblolly pine seedlings.

In another greenhouse study, Teskey et al. (1987) found that the gas

phase resistances to CO2 diffusion through loblolly pine needles

remained low throughout applied water stress, suggesting that mesophyll
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resistance limits photosynthesis at the intracellular level during

moisture stress. Following their investigation of loblolly pine

photosynthesis under a variety of environmental conditions, Teskey and

coworkers (1986) concluded that environmental factors control

photosynthetic rates through direct action on mesophyll cells rather

than through effects on stomatal conductance.

Enzyme activity and protein synthesis are also reduced by water

stress. Scarcity of water affects the light reactions of

photosynthesis and inhibits chlorophyll formation (Kozlowski 1982).

Chloroplast activity is reduced when leaves become dessicated

(Kozlowski 1982). Cessation of mRNA synthesis is one of the first

results of water stress (Slavik 1975). This slows cell division in

meristematic zones (Brown 1978), reducing growth and therefore the rate

of increase of photosynthetic area. Cell elongation is slowed as well

(Kozlowski 1958, Brown 1978).

Ball, Sharkey and Cowan (unpublished data, referred to in Farquhar

and Sharkey 1982) found that high transpiration rates reduced the

capacity for ribulose bisphosphate (RUBP) regeneration, reducing

photosynthesis when relative humidity was low and/or temperature was

high, regardless of soil water availability. This may be related to

the effects that internal water deficits have on growth.

Because internal water deficits may occur even when soil moisture

is plentiful, thinning can not eliminate all the effects of water

stress. However, when soil moisture is limited, as is often the case

in closed—canopied forest stands, a reduction in the amount of

transpiring tissue per unit soil area may decrease water stress effects
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dramatically.

Few studies relating physiological variables, particularly

photosynthesis, to thinning have been conducted. Donner and Running

(1986) used computer simulation to estimate photosynthetic rates in

50-year-old thinned and unthinned lodgepole pine stands. They

concluded that photosynthetic rates per unit of leaf area in thinned

stands exceeded those in unthinned stands by approximately 21% due to

increased moisture availability.

In a study by Whitehead et al. (1984), few effects of thinning were

observed in a stand of 40-year-old Scotch pine (Pinus sylvestris L.)

fourteen years after thinning. The plot-wide transpiration rate was

slightly lower in the thinned than in the unthinned plot as were water

potentials and stomatal conductances.

More research has been conducted relating photosynthetic rates

directly to water stress. Seiler and Johnson (1985) observed

decreasing photosynthetic rates with increasing water stress in their

study of loblolly pine seedlings. Similar relationships have been

reported for seedlings of other species (Douglas·fir (Pseudotsuga

menziesii (Mirb.) Franco), Zatvitkovski and Ferrell 1968; Scotch pine,

Schultz and Gatherum 1971). Brix (1962) found that both photosynthesis

and transpiration of loblolly pine seedlings decreased under water

stress. The results of Purtich (1973) with four species of fir (gbigs)

followed the same pattern; he concluded that photosynthesis is

restricted chiefly by reduced CO2 availability following stomatal

closure.

Hodges (1967) found a strong correlation between the needle water
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potentials and photosynthetic rates of six conifer species. He found

that photosynthetic rates began to increase or decrease approximately

one hour after a corresponding change in needle water potential in four

of the six species. The stomata of grand fir (Abies grandis (Dougl.)

Lindl.), Douglas-fir, western hemlock (Tsuga heterophylla (Raf.) Sarg.)

and Sitka spruce (Picea sitchensis (Bong.) Carr.) closed gradually with

decreasing water potentials. In these western conifer species, changes

in photosynthetic rate followed changes in water potential by

approximately one hour. This led Hodges to conclude that mesophyll

resistance is the most important factor relating photosynthetic rate to

water potential in these species. Stomata of the other two species

investigated, Scotch pine and noble fir (Abies procera Rehd.), were

exceedingly responsive to changes in needle water potential, closing

very rapidly once a threshold water potential had been reached.

Photosynthetic rates dropped simultaneously with the closure of the

stomata. For these two species, Hodges concluded that photosynthesis

is limited by stomatal closure. Thus it appears that photosynthetic

rates may frequently be limited by stomatal resistance, by mesophyll

resistance or by a combination of the two.

Other Effects of Thinning

In addition to increasing soil water availability, thinning

influences other factors that may limit tree growth. The reduction in

canopy cover allows light to penetrate farther into the stand,

increasing the levels of photosynthetically active radiation available

to lower branches. Thinning may also increase the air temperature

__,
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within the stand and on the forest floor due to the increased solar

radiation. In addition, the increased open space allows greater air

circulation.

These environmental effects of thinning may impact subsequent tree

growth in either a positive or a negative manner. They may, in part,

counteract the increase in available moisture by increasing

transpiration rates (Teskey et al. 1987). Such an increase in

transpiration may cause earlier midday stomatal closure and reduced

ability to regenerate RUBP, reducing photosynthesis over the course of

the day and therefore reducing growth. However, Cregg (1986, referred

to in Teskey et al. 1987) found no thinning effects on transpiration

rate per unit leaf area or on mean daily conductance in his study of

loblolly pine in Oklahoma.

Any increase in temperature caused by the increased penetration of

sunlight would probably be very slight. However, Della-Bianca and Dils

(1960) did find that snow melt occurred sooner in thinned than in

unthinned stands of red pine, indicating a meaningful temperature

difference. An increase in temperature could have a detrimental effect

on growth during the summer as high temperatures have been shown to

reduce net photosynthesis (Hodges 1967, Bauer et al. 1978, Kramer and

Kozlowski 1979).

The deeper penetration of light may allow lower needles to increase

their photosynthetic rates, increasing photosynthesis per tree and

enhancing production of new photosynthetic tissue. This would require

that the shade leaves present on the lower branches be able to utilize

the additional incoming radiation.
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Solar radiation is an important factor limiting net primary

productivity. Webb and co·workers (1983) compared net primary

productivity of North American forests to potential productivity given

unlimited light. They reported that actual productivity of deciduous

forests is 29% of the potential figure while coniferous forests produce

only 6% of the dry matter that would be produced were all

photosynthetic tissues light saturated.

Additionally, increased light availability within the stand has

been found to increase understory leaf area to such an extent that

water availability in a loblolly pine stand was actually reduced two

years after thinning (Cregg 1986, referred to in Teskey et al. 1987).

In summary, the environmental and growth effects of thinning have

been well documented but further investigation of the physiological

aspects of thinning is needed. The link between the environmental

changes caused by thinning and the growth increases that result needs

to be clarified in order to improve our understanding of why thinning

is an effective silvicultural treatment.

Sun and Shade Leaves

Leaf morphology, which influences physiological processes such as

photosynthesis and transpiration, has been shown to vary with the light

level under which growth occurred. Leaves grown in direct sunlight

often have smaller chloroplasts that are arranged in a single plane

(Irmak 1957, referred to in Boardman 1977, Bjorkman and Holmgren 1963),

more stomata (Irmak 1957 referred to in Boardman 1977, McLaugh1in and

Madgwick 1968) and better developed palisade and spongy mesophyll
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layers (Bjorkman and Holmgren 1963, Char1es—Edwards and Ludwig 1975).

This means that they have lower stomatal and mesophyll resistances,

leading to a higher CO2 fixation rate (Boardman 1977). Thus sun leaves

generally have higher compensation and saturation levels than do shade

leaves.

For loblolly pine, McLaughlin and Madgwick (1968) found that

needles grown in direct sunlight were larger, longer, thicker and

heavier than those grown in shaded areas. They had more stomates per

unit area, but fewer per unit weight.

The larger number of stomates and greater development of the

palisade and spongy mesophyll layers of sun leaves allow increased

photosynthetic rates because they improve CO2 uptake where CO2 is the

factor limiting photosynthesis. Lower in the canopy, where light is

the limiting factor, the higher leaf area to stomate area ratio allows

improved light interception. The large, irregularly arranged

chloroplasts of shade leaves also appear to increase the efficiency in

collection of diffuse radiation.

The results of Jayasekera and Schleser (1988) and of Higginbotham

(1974) indicate that under optimum environmental conditions including

high light levels, shade leaves of European beech (Fagus sylvatica L.)

and of loblolly pine respectively are able to attain higher

photosynthetic rates per unit surface area than are sun leaves. This

is in direct conflict with statements by Boardman (1977) and Kramer and

Kozlowski (1979). Jayasekera and Schleser suggest that the observed

high potential net photosynthetic rates of shade leaves are due to

three factors: shade leaves contain more chlorophyll per unit leaf area
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and thus use incident radiation more efficiently, are thinner and

therefore have lower mesophyll resistances, and have higher

concentrations of the chemical elements involved in both photosystem I

and photosystem II. Thus, while there is no dispute about the

photosynthetic rates of sun and shade leaves under natural conditions,

there is conflicting evidence concerning potential photosynthetic rates

at light saturation.

Hatch et al. (1969) demonstrated that mature leaves acclimate to

changes in light intensity that occur after leaf expansion has ceased.

Six days after being transferred from the low light levels at which

they were grown into brighter light, fully expanded leaves of potted

maize and Amaranthus plants had photosynthetic rates comparable to

those of leaves grown in the brighter environment.

Since loblolly pine needles grown at different light intensities do

differ morphologically and physiologically, and mature leaves of other

species have been shown to change with changing light levels, it seems

likely that shade needles in thinned loblolly pine stands may be able

to utilize the increased radiation provided by thinning, increasing

their photosynthetic activity. Research in this area would provide

significant information about the physiological responses of loblolly

pine stands to thinning.

I



MATERIALS AND METHODS

The Study Site

Three replicate 0.222 hectare stands of loblolly pine planted in

1980 at the Reynolds Homestead Agricultural Experiment Station in

Critz, Virginia were selected for use in this study. The stands were

planted at a 3.05 by 3.05 meter spacing on an old field site with a

Lloyd clay loam soil (stand 1) and a Wickham loam soil (stands 2 and

3). The estimated site indices in the stands are 24 to 28 meters

(loblolly pine, base age 25, USDA 1982). The original average basal

area of the three replicate stands was 17.7 m2/ha. Average heights in

the stands at age eight were 9.4, 8.0, and 8.3 meters for stands 1, 2

and 3 respectively. Average diameters at breast height (1.37 meters

above ground level) were 15.2, 13.7 and 13.7 cm.

One half of each stand was chosen randomly and thinned mechanically

by removing alternate diagonal rows (in order to maintain square

spacing) on March 2, 1988. The average residual basal area in the

thinned plots was 9.4 m2/ha while that in the control plots was 16.8 m2

/ha. A two row buffer was maintained along borders and between plots.

Foliar applications of glyphosate were used initially to control

understory vegetation (Rubus spp., Lonicera spp. and Rhus spp.) in both

treatments. These applications were made during May and September of

1988.

Measurements

Photosynthetic rate, stomatal conductance, and twig water potential

15
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were measured approximately biweekly through the two growing seasons

following thinning on a randomly chosen sample of trees in each of the

three stands. Initially, six trees in each treatment-block combination

(plot) were sampled for a total of 36 sample trees per measurement

date. This number was later reduced to four trees per plot so that an

additional factor, foliage age, could be incorporated into the study.

Two twigs, one from the upper third of the crown and one from the

lower third of the crown, were clipped from each tree using a pole

pruner. The twigs were then placed in plastic bags and carried to the

measurement station, set up just outside the stand, where gas exchange

variables and water potential were measured. All measurements were

made within 10 minutes of clipping. Preliminary measurements indicated

that photosynthetic rates were not affected by removal from the tree

over time periods of up to 30 minutes (Table l).

All physiological measurements were made between 1000 and 1400

hours. Light level, air temperature, relative humidity and CO2

concentration were monitored during all measurements.

The water potential of each twig was determined using a pressure

chamber (PMS Instrument Corp., Corvallis OR). Photosynthetic rate and

stomatal conductance were measured with the LI·6200 portable

photosynthesis system (LI·COR, Inc., Lincoln, NB) as were the

environmental factors (light level, relative humidity, temperature and

CO2 concentration). Because the measurement site was not in the stand,

needles were exposed to full ambient sunlight during measurements.

When ambient light levels were low, a portable light was used so that

all measurements were made at light levels above the saturation point :

n

‘
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Table l-Photosynthetic Rates of Loblolly Pine Foliage Following
Removal from Tree *

Time off Tree (Minutes) Photosynthesis (nmol/g sec)

0 60 **
1 65

5 64

10 63

15 63

30 6l
* Approximately 15 cm long branches were clipped and placed into

sealed plastic bags. At the indicated measurement times,
three fascicles of needles were removed from the branch and
placed into the cuvette for measurement.

** Sample size for all measurements was 5. No statistically
,significant differences were found.
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for loblolly pine (approximately 700 uE/m2—sec).

Three to five fascicles of needles were removed from the twig

before it was placed in the pressure chamber. When more than one age

class of needles was present, needles from the final flush of the

preceeding growing season and from the newest fully expanded flush were

sampled separately for use in age class comparisons. Once removed from

the twig, the needles were placed in a 1/4 liter cuvette.

Photosynthetic rate was then determined by monitoring the rate of

change of the carbon dioxide concentration in the closed LI-6200

system. Stomatal conductance was determined by the flow of dry air

required to maintain a constant cuvette humidity. The portion of the

needles inside the sealed cuvette was then refrigerated in a plastic

bag so that needle surface area and dry weight could be measured later

and photosynthesis and conductance per unit of tissue and specific leaf

area (g/mg) could be determined.

Needle surface area (planar projection) was measured to the nearest

0.01 cmzzusing a LI-3000 portable area meter (LI-COR, Inc., Lincoln,

NE) for all 1988 measurements. Each needle sample was measured three

times and the values were averaged to compensate for machine error.

Because of the magnitude of machine error inherent in this method,

surface areas were determined by measuring fascicle diameters and

needle lengths for all measurements made after January 24, 1989.

Surface areas were computed from these values using the formula

S.A. - 3.14l59(d) (1) + (n) (d) (1)

where d = fascicle diameter, l = needle length and n = number of

needles in the fascicle. Values were rounded to the nearest 0.01 cm2.
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Following surface area determination, needles were ovendried at 60 C to

a constant weight (at least 48 hours). They were then weighed to the

nearest 0.0001 gram.

Four wire screen litter traps, each with an area of 0.301 m2, were

placed randomly in each plot. Litter from these traps was harvested

monthly, ovendried at 60 C to a constant weight and weighed to the

nearest 0.01 gram.

Dendrometer bands placed at breast height on three randomly chosen

trees in each plot were used to monitor diameter growth throughout the

year. Prior to and at the conclusion of each growing season tree

heights, diameters at breast height and at the base of the live crown,

live crown ratios and two perpendicular live crown diameters were

measured. A height pole was used in measuring tree and live crown

heights, Stem diameters were measured with a diameter tape. For each

tree, two perpendicular live crown diameters were measured from the

ground by vertical projection using a cloth measuring tape. Volume

growth equations (Burkhart et al. 1972) were used to estimate the

increase in volume that occurred during each of the two growing seasons

following thinning.

Total leaf area for the upper, middle and lower third of the crown

of each tree was estimated using equations derived by Kinerson et al.

(1974). Whole stand photosynthesis was predicted using these leaf area

estimates and light saturation curves derived by Seiler (unpublished

data) for loblolly pine seedlings and light extinction curves collected

in the field.

Foliage nutrient content was analyzed on foliage samples collected
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in November 1988. The needles were dried, ground, and analyzed for

nitrogen, potassium, phosphorus, calcium, magnesium, sulfur and iron.

Block digestion with hydrochloric acid and Pope Kjeldahl mixture was

employed in preparation for nitrogen analysis. The resulting samples

were analyzed using the Technicon Auto Analyzer II according to the

Technicon Industrial Method No. 329-74 W/B rev 11/78. Samples to be

analyzed for the remaining elements were ashed at 500 C for 16 hours

then mixed with hydrochloric acid and distilled water. The filtrate

from these mixtures was analyzed by Inductively Coupled Plasma

Spectrometry at the Soil Testing and Plant Analysis Laboratory of

Virginia Polytechnic Institute and State University.

Experimental Design and Analysis

The study was designed as a split split block experiment with three

blocks. In such a design, the subunit treatments (crown position and

foliage age) are not randomized across the blocks of the main

treatments (thinned and unthinned plots) but are applied in strips

across the blocks. In this experiment, the lack of randomization is

dictated by the definitions of lower crown and upper crown and by the

fact that the newest foliage is always found at the end of a branch.

Physiological measurements were made on upper and lower crown

foliage from four trees in each treatment-block combination (plot).

Current-year and second-year foliage from two of these trees was

measured for both crown positions. For each plot, all measurements

taken over each growing season were averaged to estimate the mean 1988

and 1989 values for each physiological variable. Analysis of variance

1
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was then employed to examine treatment differences. The following

general analysis of variance table was used:

Factor Degrees of Freedom

Thinning treatment (T) l

Block (B) 2

Main plot error (T*B) 2

Crown position (P) l

Sub-plot error (P*B) 2

Foliage age class (A) l

Sub·plot error (A*B) 2

Interactions

(P*T) l

(P*A) l

(T*A) l

(P*T*A) l

Error 8

Litterfall and tree growth data were analyzed as randomized

complete block experiments with three blocks. Two-sample t-tests were

used to examine treatment differences in these measures.



RESULTS

Yield and Growth

Trees in thinned and control plots were not significantly different

in height, diameter at breast height or live crown diameter at any time

during the first or second growing season following thinning. However,

DBH and live crown diameter differences were approaching significance

by the end of the second post-thinning growing season (Table 2). Live

crown ratios were not different between treatments at the end of the

first post-thinning growing season. However, by the end of the second

summer after thinning, the average live crown ratio in control plots

had dropped to a value significantly lower than the average for the

thinned plots.

Growth differences were observed between thinned and control plots

even during the first growing season following thinning (Table 3).

Trees in thinned plots grew significantly more in live crown diameter

' and showed a trend toward greater diameter growth at breast height.

Estimated crown surface area per tree also increased slightly more in

thinned than in unthinned plots due to the greater increase in crown

diameter. Trees in control plots lost more of their lower crown, but

also grew more in height. As a result, live crown ratios did not

differ significantly.

Live crown diameter growth differences during the second year were

not as statistically significant as those during the first year.

However, live crown diameter growth in control trees fell dramatically,

whereas thinned trees continued substantial crown expansion. By the

22
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Table 2-Average Height, Diameter and Live Crown Dimensions of
Loblolly Pine Trees in Thinned and Control Plots

Thinned Control Q-value *

Height 1 (m) 8.75 8.35 .55

Height 2 (m) 9.42 9.71 .72

Height 3 (m) 10.39 10.72 .54

DBH 1 (cm) 14.6 13.9 .38

DBH 2 (cm) 16.7 15.7 .29

DBH 3 (cm) 19.2 17.4 .11

Live Crown Diameter l (m) 3.44 3.26 .49

Live Crown Diameter 2 (m) 4.23 3.76 .16

Live Crown Diameter 3 (m) 4.84 3.88 .12

Live Crown Ratio 1 (Z) 70.3 69.7 .63

Live Crown Ratio 2 (Z) 70.2 69.4 .69

Live Crown Ratio 3 (Z) 69.2 62.9 .05

1 Measurement made prior to thinning (following trees' eighth
. growing season.

2 Measurement made one growing season after thinning (following
trees' ninth growing season).

3 Measurement made two growing seasons after thinning (following
trees' tenth growing season).

* p·value indicates the probability (from one-way ANOVA) that
thinned and control values differ.
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Table 3-Average Growth in Thinned and Control Loblolly Pine Plots
Following Thinning

First Year After Thinning
Growth Parameter Thinned Control p-value *

Height (cm) 67.0 136 .06

DBH (cm) 2.04 1.87 .41

Ht. to LC Base (cm) 22.5 43.3 .08

LC Diameter (cm) 78.6 49.4 .02

Live Crown Ratio (Z) -0.06 -0.22 .84

Second Year After Thinning
Growth Parameter Thinned Control p-value *

Height (cm) 96.6 102 .86

DBH (cm) 2.60 1.72 .08

Ht. to LC Base (cm) 39.6 102 .07

LC Diameter (cm) 61.3 12.2 .11

Live Crown Ratio (Z) -1.03 -6.52 .16

* p—values indicate the probability (from one-way ANOVA; alpha =
{ 0.05) that thinned and control values are different.

LC = live crown.
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end of the second growing season, live crown ratios were significantly

different between treatments. Both treatments began the second

post-thinning year with live crown ratios of approximately 70%. During

the summer, the average control plot live crown ratio dropped 6.5%

while the average live crown ratio in thinned plots fell only 1%. For

these reasons, 1989 tree leaf area growth was three times as great in

thinned as in control plots. Additionally, differences in height growth

between the two treatments became nonexistant the second year after

thinning, while the distance to the base of the live crown continued to

increase more rapidly in control than in thinned plots. Diameter

growth at breast height in thinned plots was 150% that in control plots

during the second growing season after thinning (Table 3).

Basal area and volume increases, expressed on a per tree basis,

were not significantly different between treatments during first

post-thinning growing season (Table 4). During the second year

following thinning, the differences in diameter growth coupled with the
i

lack of differences in height growth between thinned and control stands

resulted in greater overall growth in thinned stands. Trees in thinned

plots grew an average of 1.5 times as much as those in control plots in

both volume and basal area. On a whole plot basis, because there were

twice as many trees per unit area in control plots, the volume and

basal area increased more in control than in thinned plots during both

years. However, this difference was less significant the second year

after treatment and will eventually disappear altogether.

1 _. Ü-
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Table 4-Basal Area and Volume Growth in Thinned and Control
Loblolly Pine Stands After Thinning

First Year After Thinning

Thinned Control p—value *Basal Area Growth
per Tree (omg) 51.88 44.07 .30
per Hectare (m2) .2820 .4791 .02

Volume Growth
per Tree (m3) .0262 .0278 .80
per Hectare (m3) 1.424 3.017 .06

Second Year After Thinning
Thinned Control Q-value *

Basal Area Growth
per Tree (cm?) 73.81 44.90 .05
per Hectare (m2) .4011 .4880 .22

Volume Growth
per Tree (m3) .0420 .0292 .08
per Hectare (m3) 2.282 3.170 .08

* p-values indicate the probability (from one·way ANOVA) that
thinned and control values are different.
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Physiological Effects

Throughout this study, rainfall has been consistant and plentiful

(Figure 1). During 1988, rainfall was very near average values in

monthly distribution and in total volume. During 1989, however,

rainfall from May to September totalled 96 cm, essentially twice the

normal amount for that timespan (49.2 cm) as reported for nearby

Danville, Virginia (National Oceanic and Atmospheric Administration,

1986). The consistant availability of water is also reflected in the

midday water potentials. The most negative average midday water

potential measured during 1988 was -1.69 MPa. During 1989, average

midday water potentials below -1.4 MPa were never observed (Figure 2).

None of the measured physiological variables showed any real

pattern across either of the first two growing seasons following

thinning. Water potentials were not consistantly different between

thinned and control plots (Figure 2). Photosynthetic rates, too,

showed no consistant trend during the summers of 1988 and 1989 (Figure

3). The same is true for all other physiological variables monitored

during this study. No patterns with time were observed between foliage

from thinned and control plots, between upper and lower crown foliage

samples or between first- and second—year foliage samples.

For this reason, measurement dates across each growing season were

treated as subsamples of the summer-long value for each physiological

variable. Average 1988 and 1989 values for thinned and control plots,

for upper and lower crown foliage and for first- and second-year

foliage were compared for each physiological variable. The means of

these values are presented in Table 5.
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Table 5-Mean Water Potentials, Photosynthetic Rates, Needle

Conductances, Water Use Efficiencies and Specific Leaf
Areas in Loblolly Pine Foliage from Thinned and Control
Plots, from Upper and Lower Crowns and from Current-Year
and Second-Year Age Classes

Physiological Treatment Age Class Crown Position
Parameter Thin Ctrl p@ 1st 2nd p@ Lower Upper p@

Water Potential (MPa)
1988 -1.42 -1.38 .04 -1.36 -1.44 .06 -1.34 -1.45 .002
1989 -1.14 -1.10 * -1.10 -1.15 .09 -1.04 -1.20 *

Photosynthetic Rate (umol/mz-sec) #
1988 21.55 21.27 * 20.96 21.86 .44 22.93 19.89 *1989 4.03 3.69 * 4.03 3.70 * 3.60 4.12 *

Photosynthetic Rate (nmol/g-sec)
1988 38.96 38.05 * 42.99 34.02 * 40.35 36.66 *1989 47.86 47.36 * 51.94 43.29 .05 47.05 48.18 *

Stomatal Conductance (mol/m2-sec) #
1988 .4967 .4533 .18 .4607 .4890 .39 .5108 .4389 .18
1989 .0948 .0875 * .0939 .0884 * .0843 .0980 *

Water Use Efficiency (umol CC2/mol H 0)
1988 1300 1290 .79 1437 1152 .006 1273 1316 .21
1989 1789 1662 .21 1912 1538 .04 1698 1752 .30

Specific Leaf Area (g/m2) #
1988 563 567 * 492 638 * 581 549 *1989 86.3 78.9 * 78.2 87.0 * 77.5 87.8 *

@ p indicates the probability that the two treatment, crown
position or age class values differ significantly.

# variables based on area measurement varied drastically between
years because 1988 surface areas were planar projections while
1989 surface areas were total needle surface area.

* indicates that the factor under consideration interacted
significantly with at least one of the other factors.
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lnteractions between the factors of interest were quite common,

particularly during the second post—thinning growing season. These

interactions will be examined separately for each physiological

variable in which they occur.

Although different seasonal patterns were not observed between

treatments, it is noteworthy that the low water potentials observed

from June 2 through July 5, 1988 and again on August 15, 1988

corresponded with low photosynthetic rates, indicating that water

stress may have limited photosynthesis on those dates (Figures 2 and

3). Additionally, the greater rainfall during 1989 did correspond with

higher water potentials and photosynthetic rates.

Water Potential

During the 1988 growing season, significant water potential

differences were found between thinned and control plots, between

first- and second-year foliage and between foliage from the upper and
V

the lower thirds of the live crowns. Foliage from thinned plots had a

lower average water potential than did that from control plots. This

0.0h MPa difference was statistically, though probably not

biologically, significant. The water potential in the upper crowns was

on average 0.1 MPa lower than that in the lower crowns, a statistically

significant difference.

During 1989, the difference between first-year and second-year

foliage water potentials was again statistically significant although

it was of such a small magnitude that the biological significance was

negligible. The interaction between treatment and position was
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statistically significant as well. For both thinned and control plots,

water potentials were more negative in the upper crowns than in the

lower crowns; differences between thinned and control foliage were

significant in the lower crowns but not in the upper crowns (Table 6).

Lower crowns in thinned plots were more exposed to sun and wind than

were lower crowns in control plots. Thus the 1989 results for water

potential concur with the 1988 results in that the foliage that was

most exposed to dessicating factors had the most negative water

potential. Since the availability of water for uptake was generally not

limiting, the rate of water loss was likely the factor influencing

these results.

Photosynthesis

All three factors being compared (thinning treatment, foliage age

and crown position) were involved in interactions for 1988 when

photosynthesis was expressed per unit needle surface area and for 1988
1

when photosynthesis was expressed per unit needle dry weight (Table 7).

During 1988, photosynthesis per unit area did not differ between age

classes nor was age class a factor involved in any interactions.

During 1989, foliage age class effects did not interact with either

thinning treatment or crown position when photosynthesis was expressed

per unit needle dry weight. Current-year needles were found to have a

significantly higher photosynthetic rate per gram dry weight than were

second·year needles. This relationship was consistant throughout the

growing season (Figure 4). It is important to note, however, that

current·year needles were not measured until they were fully elongated.
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Table 6—Loblolly Pine Xylem Water Potential as
Influenced by Thinning and Crown Position

1989
Water Potential (MPa)

Thinned Plots Control Plots
Lower Crown -1.07 a A -1.00 b A

Upper Crown -1.20 a B -1.20 a B

Values in each row followed by the same lower-case letter are not
significantly different; values in each column followed by the
same upper-case letter are not significantly different
(a1pha=0.05).
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Table 7-Loblolly Pine Photosynthesis as Influenced by Thinning,
Crown Position and Foliage Age

1988
Photosynthesis (nmol/g-sec)

Thinned Control Current-Year Second-Year
Lower Crown 41.9 a A 38.8 b A 45.6 a A 35.1 b A
Upper Crown 36.1 a B 37.3 a A 40.4 a B 32.9 b A

Photosynthesis (umol/m2-sec)*
Thinned Control

Lower Crown 23.7 a A 22.2 a A
Upper Crown 19.4 a B 20.4 a A

1989
Photosynthesis (nmol/g-sec)

Thinned Control
Lower Crown 49.3 a A 44.8 b B
Upper Crown 46.4 a B 49.9 b A

Photosynthesis (umol/mZ—sec)*
Thinned Control Current-Year Second-Year

Lower Crown 3.98 a A 3.22 b A 3.62 a A 3.58 a A
Upper Crown 4.07 a A 4.17 a B 4.44 a B 3.81 b A

Values in each row followed by the same lower-case letter are not
significantly different; values in each column followed by the
same upper·case letter are not significantly different (alpha =
0.05).
* Photosynthetic rates expressed on a surface area basis differ

between years because surface area was measured as a planar
projection during 1988 and total surface area was calculated
during 1989.
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During the period of rapid shoot expansion and needle elongation, new

foliage had a high respiration rate and did not produce net

photosynthate (data not shown).

Significant interactions between foliage age and crown position

were evident for all other photosynthetic measurements. In 1988,

photosynthetic rate expressed on a dry weight basis differed

significantly between current—year and second-year foliage in both the

lower crown and the upper crown with first·year foliage

photosynthesizing at a higher rate (Table 7).

Photosynthetic rate per unit dry weight was significantly greater

in current-year, lower crown foliage than in current-year upper-crown

foliage. However the difference between crown positions was not

significant for second-year foliage. Photosynthesis expressed on a

surface area basis also differed significantly between upper and lower

crown foliage in thinned but not in control plots. Current-year

foliage photosynthetic rates per unit area were higher than those of

second-year foliage in the upper crown but not in the lower crown in

1989.

Finally, thinning treatment·crown position interactions were

evident for both 1988 and 1989 for photosynthesis per unit dry weight

and per unit surface area. Within the lower crown, needles in thinned

plots were found to have higher photosynthetic rates than were needles

in control plots. This difference was significant for photosynthesis

per unit area and per unit dry weight in 1989 and for photosynthesis

per unit dry weight in 1988. Upper crown photosynthetic rates differed

between treatments only during 1989 when photosynthesis was expressed

M
MM



per unit weight. In thinned plots, lower crown photosynthetic rates

were significantly greater then upper crown rates by both weight and

area in 1988 and by weight in 1989. Control plot photosynthesis did

not differ between upper crown and lower crown foliage during 1988.

During 1989, photosynthesis of upper crown foliage in control plots was

significantly greater than that in the lower crowns.

In summary, photosynthetic rates were generally higher in

current·year than in second·year foliage. In 1988, lower crown thinned

plot foliage photosynthesized at the greatest rate while in 1989 upper

crown control plot foliage had the highest photosynthetic rate.

Whole-tree photosynthesis was estimated using whole-tree needle surface

area estimates (calculated using equations derived by Kinerson et al.

1974), light extinction curves measured in each plot and light

saturation curves derived by Seiler in a greenhouse study (unpublished

data). Photosynthesis did differ substantially on a whole-tree basis

due to the larger crown dimensions of trees in thinned plots and the

higher light levels available to those trees. At the end of the first

summer after treatment, the average tree in the thinned plots

assimilated 16.24 grams of carbon per hour while the value for the

average control tree was 10.97 grams of carbon per hour (Table 8).

During the second summer, the dichotomy between the treatments

increased. Trees in thinned plots assimilated carbon at an average rate

of 25.30 grams per hour while those in control plots had an average

carbon assimilation rate of 15.15 grams per hour.

l
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Table 8-Estimated Who1e—Tree Needle Surface Areas and
Photosynthetic Rates in Thinned and Control Loblolly
Pine Plots

"“T"*‘“““”‘”“““'“““'"““ET‘“‘““““‘"T""“*“‘—""‘“‘——"————————
Estimated Surface Area (m ) Thinned Control

Upper 1/3, yr 1 34.48 27.70
Middle 1/3, yr 1 36.92 29.66
Lower 1/3, yr 1 46.77 37.58

Upper 1/3, yr 2 53.14 38.27
Middle 1/3, yr 2 56.91 40.98
Lower 1/3, yr 2 72.09 51.91

Estimated Who1e·Tree Photosynthetic Rate (g/hr)
Year 1 16.24 10.97
Year 2 25.30 15.15
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Needle Conductance

During 1988, no significant differences in needle conductance were

observed between foliage from thinned and control plots, between

foliage from upper and lower crowns or between current-year and

second-year foliage. During 1989, needle conductance was found to be

highest in the upper crowns of control plots and lowest in the lower

crowns of control plots (Table 9). Additionally, current—year, upper

crown needles had significantly higher conductances than did those of

the current year from the lower crown. Differences between upper and

lower crown needle conductance values in second-year foliage followed

this pattern as well, but were not statistically significant.

Water Use Efficiency

Water use efficiencies differed significantly between current-year

and second-year foliage for both 1988 and 1989 (Table 5). Current-year

foliage assimilated more carbon per unit water loss than did

second-year foliage during both of the growing seasons under

consideration. No water use efficiency differences were observed

between foliage samples from thinned and control plots or between upper

and lower crown foliage.

Specific Leaf Area

In 1988 a three-way interaction between treatment, crown position

and foliage age was observed for specific leaf areas. When upper and

lower crown positions were considered separately, no difference was

observed between the specific leaf areas of upper crown needles in
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Table 9-Loblolly Pine Needle Conductance as Influenced by
Thinning, Crown Position and Foliage Age

1989
Conductance (mol/m2·sec)

Thinned Control Current·Year Second-Year

Lower Crown .0942 a A .0743 b A .0842 a A .0843 a A

Upper Crown .0953 a A .1008 a B .1035 a B .0926 b A

Values in each row followed by the same lower-case letter are not
significantly different. Values in each column followed by the
same upper-case letter are not significantly different (alpha =
0.05).

1-- --
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thinned plots and the upper crown needles in control plots. Second-year

needles in the upper crowns, however, were significantly heavier per

unit surface area than were first-year needles (Table 10). Within the

lower crown, a significant interaction between treatment and foliage

age class was observed. Lower crown, second-year needles had

significantly higher specific leaf areas than did lower crown,

current-year needles in both thinned and control plots. The difference

between first- and second-year needles, however, was much greater in

the thinned than in the control plots, accounting for the significant

three-way interaction.

In 1989, specific leaf area exhibited two separate two-way

interactions, crown position with treatment and crown position with

foliage age. Here, specific leaf area was higher in the upper crowns,

in thinned plots and in second-year foliage (Table 10).

The different surface area measurement methods employed in 1988 and

1989 account for the magnitude of difference in specific leaf area

values between years. They may also be responsible, in part, for

differences between 1988 and 1989 results as will be discussed later.

Late Fall and Winter Measurements

Monthly diameter growth was measured throughout the growing and

dormant seasons on the eighteen trees which had been fitted with

dendrometer bands. Dendrometer band readings revealed that diameter

growth continues essentially year round on the Piedmont of Virginia

(Figure 5). The growth during January was negligible, but during all

other months, trees clearly increased in diameter.

1
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Table 10-Loblolly Pine Specific Leaf Area as Influenced
by Thinning, Crown Position and Foliage Age

1988
Specific Leaf Area (g/m2)

Current-Year Second-Year
Lower Crown Thinned 483.4 a A 677.7 b A

Control 520.9 a A 641.8 b A

Upper Crown Thinned 482.6 a A 609.4 b A
Control 481.0 a A 624.4 b A

1989
Specific Leaf Area (g/mz)

Thinned Control Current-Year Second-Year

Lower Crown 82.3 A 72.6 A 71.4 A 83.5 A

Upper Crown 90.3 B 85.3 B 85.1 B 90.5 B

Values in each row followed by the same lower-case letter are not
significantly different; values in each column followed by the
same upper-case letter are not significantly different (alpha =
0.05).
Specific leaf area values differ between years because surface
area was measured as a planar projection during 1988 and total
surface area was calculated during 1989.
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Physiological measurements were made twice during the 1988-1989

dormant season, once on November 4, 1988 and once on January 24, 1989.

During these measurements, no physiological differences were apparent

between thinned and control plots or between upper and lower crown

samples. These measurements did show, however, that on warm winter

days, significant photosynthesis occurs in loblolly pine stands on the

Virginia Piedmont.
The average photosynthetic rate on November 4, 1989 was higher than

the average monthly rates observed during some growing season months

(Figure 6). In fact, the average photosynthetic rate that day was only

20% lower than the peak monthly average rate observed during September.

The average photosynthetic rate in January was approximately half of

typical growing season rates. The trees were still able to

photosynthesize at a significant rate on a warm day during the middle

of winter.

Needle conductances (Figure 7) were quite low during the dormant

season measurements, as they were during the cool spring months of

April and May. Thus, water use efficiency peaked during the dormant

season (Figure 8).

Litterfall

The timing of litterfall during the first year following thinning

did not differ between thinned and control plots. The majority of the

yearly litterfall in both thinned and control plots occurred in

November (Figure 9) with October accounting for the second heaviest

monthly fall. Essentially all of the fall needledrop had occurred by
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the end of December. In 1988, the amount of needlefall was

approximately proportional to the basal area of the plots (Table ll).

Foliar Nutrient Content

Analysis of the nitrogen, potassium, phosphorus calcium, magnesium,

iron and sulfur levels found in current-year foliage collected in the

fall of 1988 showed no differences between nutrient availability or

uptake in thinned and control plots (Table 12). Significant

differences were found between upper and lower crown needles for

potassium and nitrogen, however (Table 13). Upper crown needles were

found to contain significantly more of both of these nutrients than

lower crown needles.
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Table ll-Total Yearly Litterfall in Thinned and Control Loblolly
Pine Stands

Litterfall Thinned Control Q-value *
kg/hectare 2252 A2l5 .10

kggm 2 basal area 185 196 .76
* p—va1ues indicate the probability (from one-way ANOVA) that

thinned and control values are different.



52Table12-Foliar Nutrient Content in Thinned and Control Loblolly
Pine Stands

Nutrient ggpmz Thinned Control Q-value *N 12520 12280 .20
P 1235 1237 .98
K 2887 3171 .56
Ca 1710 1779 .75
Mg 923 1005 .09
Fe 44 41 .76
S 390 412 .47

* p—va1ues indicate the probability (from one-way ANOVA) that
thinned and control values are different.
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Table l3·Nutrient Content of Upper and Lower Crown Loblolly Pine

Foliage

Nutrient (ppm) Lower Upper p-value *N 11830 12970 .05
P 1162 1309 .12
K 2672 3386 .05
Ca 1966 1523 .07
Mg 1014 913 .15
Fe 42 42 .99
S 399 403 .84

* p-values indicate the probability (from one·way ANOVA) that
thinned and control values are different.



DISCUSSION

Effects of Thinning

on Loblolly Pine Growth and Physiology

In this study, as in many previous ones (Della-Bianca and Dils

1960, Zahner and Whitmore 1960, Bassett 1964, Mader 1978, Brix 1982,

Lavigne 1988), growth of trees in thinned stands was found to be

greater than that of trees in unthinned stands. "Thinning shock", a

reduction in growth that Donner and Running (1986) argue is a result of

reduced photosynthetic capacity due to the sudden light increase rather

than to reallocation of assimilated carbon was not observed. In fact,

diameter growth (at breast height) was slightly (though not

significantly) greater in thinned plots than in control plots during

the first year following thinning. Height growth the first year

following thinning was lower in thinned plots. However, this was not

due to reduced photosynthesis or photooxidative damage to lower crown

foliage. The change in height growth was likely due to the

redistribution of photosynthate from height expansion to expansion of

crown diameter. Volume growth per tree was slightly (though not

significantly) greater in control plots due to the change in height

growth.

While trees in thinned plots continued to expand their live crowns

at a faster rate than those in control plots during the second year

after thinning, height growth in thinned and control plots was

essentially identical. Hence, by the second growing season after

thinning, growth in diameter and in volume per tree was significantly

54
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greater for trees in thinned plots than for those in control plots.

Because trees in thinned plots were able to expand their live crown

diameters into the newly available space and to retain their lower

crown branches longer than were trees in control plots, thinned-plot

trees had substantially greater photosynthetic areas than did
l

control-plot trees two years after thinning.

In some studies, yearly diameter growth has been shown to stop

sooner in unthinned stands than in thinned stands (McClurkin 1961,

Bassett 196h). These studies were conducted in older, denser stands.

At the time of thinning, the stands used in this study were only

approximately 60% stocked (USDA 1982). Thinning is generally not

recommended until stands reach 80% stocking (USDA 1982). Hence, these

stands were thinned earlier than would be the case in an industrial

situation. The relatively low basal areas and high live crown ratios

in unthinned plots likely minimized the physiological and growth

differences between thinned and control treatments since even there,

competition for site resources was not near the intensity at which

density·induced mortality would occur. Had the stands been older, with

greater basal areas and lower live crown ratios, the responses to

thinning may have been quite different. Older, denser stands might have

been physiologically affected more by thinning since competition for

water and nutrients would be greater. However, in terms of growth,

thinning effects might have been less evident in older stands as older

trees are more likely to have become stagnant and unable to respond to

increased resource availability.

1 Monthly diameter growth was slightly higher in thinned plots

1
1
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throughout the 1988 and 1989 growing seasons. Thus, the factor

responsible for the growth difference was present throughout the

growing season and, in this case, was not the late summer water deficit

which was significant in the studies of McClurkin (1961) and Bassett

(1964).

The effects of thinning on needle physiology were more subtle than

were the effects on growth. Average water potentials across both the

first and second growing seasons after thinning were lower in thinned

than in control plots. Although this 0.04 MPa difference was

statistically significant it is not likely that it affected the

physiology of the trees in any way. The lower water potentials in

thinned plots were likely due to the greater exposure to wind and sun

in these plots. The fact that control plots had higher water

potentials than thinned plots is an indication that competition for

water in control plots was not a significant growth-reducing factor

there.

During both 1988 and 1989, carbon dioxide uptake (per square meter

of needle surface area and per gram dry weight) was significantly

greater in the lower crown foliage of thinned plots than in the lower

crown foliage of control plots. Differences between upper and lower

crown photosynthetic rates were significant in thinned plots during

1988 (expressed per square meter and per gram) and during 1989

(expressed per gram dry weight) with lower crown foliage outperforming

upper crown foliage under standard conditions. Thus, the lower crowns

of thinned plots had photosynthetic rates similar to those of the upper

crowns in both thinned and control plots. The needles which developed
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under high light conditions had high photosynthetic rates when measured

under light saturating conditions.

In 1989, needle conductance of lower crown foliage in the control

plots was significantly lower than that of lower crown foliage in

thinned plots and that of upper crown foliage in both thinned and

control plots. This trend was apparent, although not significant, for

1988 as well. The lower crown needles in control plots were adapted to

the cooler, shaded conditions prevalent in the interior of the stands.

Exposure to the standard measurement conditions (high light and

temperature) likely induced some stomatal closure in the lower crown

foliage from control plots. However, anatomical differences resulting

from the different environments in which the needles developed are also

likely.

Thus, for water potential, photosynthesis and needle conductance,

lower crown needles in thinned plots behaved physiologically in a

manner similar to that of the upper crown needles of both treatments.

These needles apparently adapted to the new conditions created by

thinning by becoming more like sun needles physiologically. Thinning

had no apparent effect on upper crown needle physiology. It seems,

then, that thinning affected loblolly pine needle physiology only in

areas where light levels were altered.

Sudden exposure of photosynthetic tissue to unaccustomed light

levels has sometimes been found to cause photoinhibition, inactivation

of the primary photochemistry of Photosystem II due to damage to the

reaction·center complex (Powles and Bjorkman 1982). This damage

results in reduced photosynthesis and electron transport rates.
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Observations of "thinning shock" have been attributed to this

phenomenon (Donner and Running 1986).

Al—Khatib and Paulsen (1989) observed a decrease in the maximum

electron transport activity in the thylakoids and in the photosynthetic

rate of wheat (Triticum aestivum L. cv Len) grown at 450 umol/m2 sec ‘

when exposed to high light intensity (2000 umol/m2 sec). Bohning

(1949) found that both sun and shade apple leaves were adversely

affected by exposure to light levels greater than those at which the

leaves had developed. In his study, increased light levels caused

photosynthetic rates to drop dramatically, particularly in shade

leaves. Bleaching of the leaf tissue was also observed. Such adverse

effects did not occur among the lower crown needles in thinned plots

during the current study. Perhaps the shade intolerance of loblolly

pine is in part responsible for the ability of lower crown foliage to

acclimate to, rather than be damaged by, increased light.

The observed growth differences between trees in thinned and

control plots, then, were not the result of differences in water

availability as were growth differences reported earlier by Bassett

(1964), McClurkin (1961), Della-Bianca and Dils (1960) and Zahner and

Whitmore (1960). Changes in the photosynthetic potential of lower

crown foliage may have played some part in the increased growth.

However, it was the increased light available to middle and lower crown

branches as well as the greater overall photosynthetic surface area of

trees in thinned plots that seemed to be responsible, in this case, for

the growth increase observed after thinning. The importance of the
increased photosynthetic surface area will evencually overtake that of

I
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the increased light level as the canopies in thinned stands close

again.

Attempts to correlate individual tree growth with photosynthetic

rates, either as an average across the summer or by individual

measurement date as measured by the dendrometer bands, showed no

relationship between these variables for either of the first two

growing seasons following thinning.

Litterfall Dynamics in Thinned and Control Plots

During the first year following thinning, total yearly litterfall

per square meter of basal area did not differ between thinned and

control plots. The two-growing season-old needles that were being

dropped had all grown at a time when space and light within the stands

were uniform (i.e. before thinning). The amount of second-year foliage

on a control plot tree was the same as the amount on a thinned plot

tree. Litterfall during the second year after thinning, however, began

to mirror the increase in live crown dimensions in the thinned plots.

Partial second-year data (April 1989 through October 1989) suggest that

1989 litterfall per unit of basal area in thinned plots will be greater

than that in control plots.

Litterfall data provide a good estimate of the total amount of

photosynthetic tissue carried by trees in thinned and control stands.

The sum of two consecutive years of litterfall equals the amount of

photosynthetic foliage present during the first of those two years.

Hence, once the 1989 litterfall season is over (essentially January

1990), foliage weight carried by the trees during the summer of 1988
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can be determined by summing 1988 and 1989 litterfall totals. Thus

more accurate estimates of the effects of thinning on the amount of

photosynthetic tissue will be available.

It appears that the timing of litterfall differed slightly between

years, though not between treatments. In 1988, the beginning of peak

litterfall was noticeable in October but November was the month during

which the vast majority of needlefall occurred. Litterfall from May

through September was essentially constant. In 1989, needledrop began

earlier in both thinned and control plots. There was a noticeable

increase during September which continued into October. By the end of

October, yearly litterfall in thinned plots had equalled that during

all of the preceeding year. In control plots, litterfall totals by

October had almost reached their 1988 total. Additionally, October 1989

litterfall on a per hectare basis was equal in thinned and control

plots. Litterfall per unit basal area in the thinned plots was nearly

twice the amount in the control plots.

Why needledrop would occur earlier in 1989, an exceptionally wet

year, than in 1988 is not obvious. If this were evident only in

control plots, it could be attributed to increased competition between

years. However, 1989 litterfall clearly began in September in thinned

plots as well as in control plots. Perhaps old needles senesced at the

same time during both 1988 and 1989 but the wind and rain necessary to

dislodge the dead needles came later in 1988 than in 1989. The

rainfall total for October 1988 was one of the lowest for the year,

whereas 1989 rainfall was consistantly high from May through October.

From year to year, then, a variety of climatic conditions may

1
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influence the timing of loblolly pine needlefall. Dougherty and

Hennessey have found that water availability can affect the timing of

needle senescence. They found that needles aged faster in dense stands

when water there became limiting (personal communication). Thus,

continued monitoring of litterfall may provide useful information not

only concerning the size of the photosynthetic area trees carry in

thinned and control stands but also about the physiological conditions

of trees in each treatment.

Physiological Differences between Upper and Lower Crown Foliage

Upper and lower crown needles, particularly those in control

stands, differed both morphologically and physiologically. Upper crown

needles were generally stiffer and thicker (heavier per unit surface

area) than those of the lower crown. Such differences in specific leaf

area are characteristic of leaves developed under differing light

levels. Following this pattern, upper crown needles had significantly

higher specific leaf areas than did lower crown needles in both thinned

and control plots and for both age classes of needles during 1989.

Thus, even in thinned plots, lower crown needles tended to be

morphologically more like shade leaves while upper crown needle

morphology was more like that of sun leaves.

This same pattern was not observed during 1988. However, the reason

for the difference was the 1988 surface area measurement method rather

than any real difference in the trees. To determine surface area using

the LiCor 3100 leaf area meter, a leaf is placed on a clear plastic

belt and passed under a line of light-emitting diodes spaced less than
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one millimeter apart at a known speed. The area meter measures the

time over which each light beam is blocked and calculates leaf surface

area from that measurement.

The area meter was designed for measuring large, single leaves,

however. The distance between the light beams is such that refraction

around the narrow pine needles could lead to miscalculations of needle

surface area. The narrower the needles were, the more likely the meter

was to underestimate their actual surface area. Thus, although the

surface area values for 1988 are all likely to be underestimates, the

areas of the smaller needles (generally the lower crown, shade-grown

needles) were underestimated more than were the areas of the larger

needles. This led to greatly overestimated lower crown specific leaf

areas and to overestimates of lower crown foliage photosynthesis and

needle conductance (when expressed on a unit surface area basis). All

1988 data presented per unit surface area should be examined with this

in mind.

The physiological differences between the sun-adapted upper crown

needles and the shade—adapted lower crown needles were less obvious

than the morphological differences. Water potentials were

significantly more negative in the upper crowns of the trees during

both 1988 and 1989, presumably due to the greater exposure in the upper

canopy to sun and wind.

During 1988, light saturated photosynthetic rates (expressed per

unit leaf area and per unit dry weight) were higher for lower crown

foliage than for upper crown foliage although this difference was

significant only in the thinned plots. This concurs with data
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presented by Higginbotham (1974) for loblolly pine and with data

presented by Jayasekera and Schleser (1988) for European beech (gaguä

sylvatica L,). Both of these studies revealed that shade—grown leaves

have higher potential photosynthetic rates than do sun·grown leaves.

During 1989, photosynthetic rates (per unit weight and per unit

surface area) in control plots were significantly higher in the upper

crowns than in the lower crowns. In thinned plots, photosynthesis per

unit weight was greater in the lower crowns than in the upper crowns

while photosynthesis per unit area was greater in the upper crowns than

in the lower crowns. Neither of these differences was as clear as the

differences in control plots, Photosynthetic differences between upper

crown and lower crown foliage were not significant, although the upper

crown rates were generally higher. This is in contrast with the 1988

data but concurs with the generally accepted idea (Kramer and Kozlowski

1979) that sun leaves are more efficient than shade leaves under high

light conditions.

Needle conductance was greater in lower crowns than in upper crowns

during 1988 although this difference was not significant, As with

photosynthetic rates, the relationship between upper crown and lower

crown needle conductances in 1989 was the reverse of the 1988

relationship, In 1989, conductance values for upper crown foliage were

higher than those for lower crown foliage.

This relationship reversal in both photosynthesis and needle

conductance might be due to the differing weather patterns of the two

summers. Rainfall during the 1989 growing season was almost twice that

during the 1988 growing season, Water potentials in upper crown
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foliage averaged -1.20 MPa during 1989 measurements whereas the average

1988 water potential in upper crown foliage was -1.45 MPa. Teskey et

al. (1986) found that loblolly pines were able to maintain peak

photosynthetic rates at water potentials down to -1.0 MPa but at some

value between -1.0 and -1.5 MPa, photosynthetic rates began to drop.

At -1.5 MPa, photosynthetic rates were only one·third of photosynthetic

rates observed under ideal conditions.

Thus it is possible that 1989 measurements of both upper crown and

lower crown foliage represent photosynthetic potentials when water

status is near optimal. Under these optimal conditions, sun leaves

were able to out perform shade leaves when the comparison was made

under high light. The lower water availability during 1988, however,

may have limited upper crown photosynthetic rates significantly more

than lower crown rates because of the differing water status in the two

crown positions. Although both upper crown and lower crown water

potentials were in the range where Teskey et al. (1986) observed a drop

in photosynthetic potential, upper crown water potentials were much

closer to the -1.5 MPa value at which a 67% reduction in photosynthesis

was observed.

In studies showing superior photosynthetic performance in shade

leaves, measurements have been made with leaves of differing water

potentials. Higginbotham (1974) made his measurements in the lower and

upper crowns of loblolly pine trees in the field, thus it would have

been impossible for him to measure photosynthesis on upper and lower

crown needles with the same water status. Jayasekera and Schleser,

too, measured leaves on the tree in their 1988 examination of

1
I
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photosynthetic rates of european beech sun and shade leaves. Finally,

Bourdeau and Laverick (1958) considered the differing water contents of

their sun·grown and shade·grown seedlings to be one of the reasons for

the observed higher photosynthesis of shade-grown red pine and white

pine seedlings. In light of this, it is possible that when sun and

shade leaves are both well hydrated and their photosynthetic rates are

compared under high light conditions, sun leaves are generally able to

outperform shade leaves.

Physiological Differences

between First—Year and Second-Year Foliage

Physiological differences between foliage produced during the

current growing season and that produced the previous year were

significant during both 1988 and 1989. Water potentials showed a trend

toward lower values in second·year foliage than in foliage produced

during the current growing season. Since old and new foliage samples

were taken from the same twig, this difference was likely not a true

effect, but rather an artifact of the sampling scheme. Old and new

foliage were removed from a tree simultaneously, yet the water

potential and gas exchange parameters of current·year twigs were always

measured first. While photosynthetic rates have been shown not to

change within thirty minutes of the removal of the foliage from the

tree, water potentials likely do begin to drop upon removal, even when

the severed twigs are stored in plastic bags in the shade.

The specific leaf areas were significantly greater in both upper

crown and lower crown second·year foliage than in first·year foliage.
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After needles had fully expanded in length they continued to increase

in thickness. The differences in specific leaf area were responsible

for differing photosynthetic results depending on whether

photosynthesis was expressed per unit area or per unit weight.

Photosynthesis per unit weight was significantly higher in current·year

foliage than in second year foliage during both 1988 and 1989. The

difference between photosynthesis per unit area in old and new foliage

was significant only in the upper crowns during 1989 when current-year

rates were higher.

The much higher photosynthetic rates of first-year foliage combined

with the only slightly higher needle conductances resulted in greater

water use efficiencies in current·year foliage. This difference was

significant during both 1988 and 1989; however it was more significant

during 1988 when water was less abundant.

Foliar Nutrient Content

The lack of differences between thinned and control plot foliar

nutrient levels indicates that growth differences between treatments

were not due to differences in nutrient availability or uptake.

Differences between upper and lower crown foliar nutrient levels

may provide some insight to the reasons for the differing

photosynthetic potentials of needles from the two crown positions.

Data presented by Jaysekera and Schleser (1988) indicate that foliar

levels of nitrogen, magnesium, potassium, manganese and iron did not

differ between European beech sun and shade leaves. In contrast,

nitrogen and potassium levels were significantly higher in upper crown
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foliage in the present study.

Adequate nitrogen is known to be essential to maintaining potential

photosynthetic rates (Kramer and Kozlowski 1979). This s likely due to

the important role nitrogen plays in chlorophyll and cytochrome

molecules. Mader (1978) found nitrogen to be the element most critical

in achieving peak photosynthetic efficiency: foliar nitrogen content

was strongly related to yearly growth in his study. This was true

through a wide range of stand densities. Thus, the high nitrogen

content in upper crown foliage may be important in the greater

photosynthetic rates that this foliage was able to maintain under

well-watered conditions.
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CONCLUSION

In summary, thinning increased the growth of residual trees through

its affects on lower crown needle physiology and its effect on light

available to the lower portions of the live crowns. Trees in thinned

stands expanded their crowns outward while retaining lower crown

branches longer than their counterparts in unthinned stands. Thus,

these trees had substantially greater photosynthetic areas and this,

along with the greater light availability in the interior of thinned

stands, was the major factor responsible for their increased growth.

Water and nutrient limitations were not important in this study

although they have been shown to be critical in previous thinning

studies.

The only physiological changes observed occurred in the lower

crowns of trees in thinned plots. Needles there were found to have

water potentials, photosynthetic rates and conductances similar to the

sun-grown needles in the upper crowns of both thinned and unthinned

plots. In addition, the specific leaf areas of lower crown, thinned

plot needles were found to be greater than those of the lower crown,

control plot needles, indicating that thinning caused morphological, as

well as physiological, changes there.

68
I



LITERATURE CITED

Al-Khatib, K. and G.M. Paulsen. ;:89. Enhancement of thermal injury
to photosynthesis in wheat plants and thylakoids by high light
intensity. Plant Physiol. 90: 1041-1048.

Bassman, J.H. 1988. Plant and soil water relations in high density //·
lodgepole pine stands. Research Bulletin XB 0998. College of
Agriculture and Home Economics Research Center. Washington State
University. Pullman, WA. 13 p.

Bassett, J.R. 1964. Diameter growth of loblolly pine trees as
affected by soil-moisture availability. U.S. Forest Service Res.
Pap. SO-9. 7 p.

Bauer, H., W. Larcher and R. B. Walker. 1975. Influence of
temperature stress on C02—gas exchange. pp. 557-586 in
Photosynthesis and Productivity in Different Environments, J.P.
Cooper, ed. Cambridge University Press. 715 p.

Bjorkman, 0. and P. Holmgren. 1963. Adaptability of the photosynthetic
apparatus to light intensity in ecotypes from exposed and shaded
habitats. Physiol. Plant. 16: 889-914.

Boardman, N.K. 1977. Comparative photosynthesis of sun and shade
plants. Annu. Rev. Plant Physiol. 28: 355-377.

Bohning, R.H. 1949. Time course of photosynthesis in apple leaves
exposed to continuous illumination. Pl. Physiol. 24: 222-240.

Bourdeau, P.F. and M.L. Laverick. 1958. Tolerance and photosynthetic
adaptability to loght intensity in white pine, red pine, hemlock
and Ailanthus seedlings. For. Sci. 4: 196-207.

Brix, H. 1982. Effects of thinning and nitrogen fertilization on
growth of Douglas-fir: relative contribution of foliage quantity
and efficiency. Can. J. For. Res. 13: 167-175.

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.

Brown, C.L. 1978. The physiological role of water in tree growth
and development. pp 22-29 in Proc. Soil Moisture...Site
Productivity Symposium, W.E. Balmer, ed. U.S. Forest Service.
Southeastern Area State and Private Forestry. 4OO p.

Burkhart, H.E., R.C. Parker, M.R. Strub and R.G. Oderwald. 1972.
Yields of old-field loblolly pine plantations. Publication
FWS-3-72. Division of Forestry and Wildlife Resources. VPI & SU.
51 p. 69



I

I

I

70 I

Charles-Edwards, D.A. and L.J. Ludwig. 1975. The basis of
expression of leaf photosynthetic activities. pp. 37-43 in
Environmental and Biological Control of Photosynthesis. R.
Marcelle, ed. The Hague: Dr. W. Junk. 408 p.

Crafts, A.S. 1968. Water deficits and physiological processes. pp.
85-133 in Water Deficits and Plant Growth. Vol. I. T.T. Kozlowski,
ed. Academic Press. New York. 333 p.

Della-Bianca, L. and R.E. Dils. 1960 Some effects of stand
density in a red pine plantation on soil moisture, soil temperature
and radial growth. J. For. 58: 373-377.

Donner, B.L. and S.W. Running. 1986. Water stress response after
thinning Pinus contorta stands in Montana. For. Sci. 32: 614-625.

Farquhar, G.D. and T.D. Sharkey. 1982. Stomatal conductance and
photosynthesis. Ann. Rev. Plant Physiol. 33: 317-345.

Hatch, M.D., C.R. Slack and T.A. Bull. 1969. Light-induced changes
in the content of some enzymes of the C4-dicarboxylic acid pathway
of photosynthesis and its effec on other characteristics of
photosynthesis. Phytochemistry 8: 697-706.

Higginbotham, K.0. 1974. The influence of canopy position and the age
of leaf tissue on growth and photosynthesis in loblolly pine. PhD.
dissertation. Duke University. 248 p.

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

Jayasekera R. and G.H. Schleser. 1988. Seasonal changes in
potential net photosynthesis of sun and shade leaves of
Fagus sylvatica L. J. Plant Physiol. 133: 216-221.

Kinerson, R.S., K.0. Higginbotham and R.C. Chapman. 1974. The
dynamics of foliage distribution within a forest canopy. J. Applied _
Ecology 11: 347-353.

Kozlowski, T.T. 1982. Water supply and tree growth, part I, water
deficits. For. Abstr. 43:57-84.

Kozlowski, T.T. 1958. Water relations and growth of trees. J. For.
56: 498-502.

Kramer, P.J. and T.T. Kozlowski. 1979. Physiology of Woody Plants.
Academic Press. New York. 811 p.

Lavigne, M.B. 1988. Growth and net assimilation rates in thinned
and unthinned stands of balsom fir. Can. J. For. Res.

I 18: 1205-1210.



71

Mader, D.L. 1978. The role of soil moisture in forest site
productivity in Massachusetts. pp. 343-358 in Proc.
Soil Moisture...Site Productivity Symposium, W.E. Balmer, ed. U.S.
Forest Service. Southeastern Area State and Private Forestry.
400 p.

McC1urkin, D.G. 1961. Soil moisture trends following thinning in
shortleaf pine. Soil Sci. Soc. Am. Proc. 25:135-138.

A McLaugh1in, S.B. and H.A.I. Madgwick. 1968. The effects of
position in crown on the morphology of needles of loblolly pine
(Pinus taeda L.), Am. Midl. Nat. 80:547-550.

Moehring, D.M. and C.W. Ralston. 1967. Diameter growth of loblolly

l
pine related to available soil moistrue and rate of soil moisture

, loss. Soil Sci. Soc. Am. Proc. 31: 560-562.

National Oceanic and Atmospheric Administration. 1986.
Climatological Data: Virginia. Volume 96. National Climatic Data
Center. Asheville, NC.

Powles, S.B. and 0. Bjorkman. 1982. Photoinhibition of
photosynthesiszeffect on chlorophyll fluorescence at 77K in intact
leaves and in chloroplast membranes of Nevium oleander. Planta 156:
97-107.

Purtich, G.S. 1973. Effect of water stress on photosynthesis,
respiration and transpiration of four Abies species. Can. J, For.
Res. 3: 293-298.

Rogerson, T.L. 1968. Thinning increases throughfall in loblolly
pine plantations. J. Soil and Water Conserv. 23: 141-142.

Schultz, R.C. and G.E. Gatherum. 1971. Photosynthesis and
distribution of assimilate of Scotch pine seedlings in relation to
soil moisture and provenance. Bot. Gaz. 132: 91-96.

Seiler, J.R. and J.D. Johnson. 1988. Physiological and
morphological responses of three half·sib families of loblolly
pine to water·stress conditioning, For. Sci. 34: 487-495.

A Seiler, J.R. and J.D. Johnson. 1985. Photosynthesis and
transpiration of loblolly pine seedlings as influenced by
moisture-stress conditioning. For. Sci. 31: 742-749.

Slavik, B. 1975 Water stress, photosynthesis and the use of
photosynthates. pp. 511-536 in Photosynthesis and Productivity in
Different Environments. J.P. Cooper, ed. Cambridge University
Press. Cambridge. 715 p.

I



72

Smith, D.M. 1986. The Practice of Silviculture. John Wiley and
Sons. New York. 527 p.

Sucoff, E. and S.G. Hong 1974. Effects of thinning on needle water
potential in red pine. For. Sci. 20:25-29.

Teskey, R.O., J.A. Fites, L.J. Samuelson and B.C. Bongarten. 1986.
Stomatal and nonstomatal limitations to net photosynthesis in
PinustaedaL. under different environmental conditions. Tree Physiol. 2:
131-142.

Teskey, R.O., B.C. Bongarten, B.M. Cregg, P.M, Dougherty and T.C.
Hennessey. 1987. Physiology and genetics of tree growth response
to moisture and temperature stress: an examination of the
characteristics of loblolly pine (Pinus taeda L.), Tree Phys.
3: 41-61.

USDA. 1982. Service Forester's Handbook, Southeastern Area.
Miscellaneous report SA-MR 10. Atlanta. 129 p.

Webb, W.L., W.K. Laurenroth, S,R. Szarek and K.S. Kinerson. 1983.
Primary production and abiotic controls in forests, grasslands and
desert ecosystems in the U.S. Ecology 64: 134-151.

Whitehead, D., P.G. Jarvis and R.H. Waring. 1984. Stomatal
conductance, transpiration and resistance to water uptake in a
Pinus sylvestris spacing experiment. Can. J. For. Res. 14: 692-700.

Zahner, R. and F.W. Whitmore. 1960. Early growth of radically
thinned loblolly pine. J. For. 58: 628-634.

Zavitkovski, J. and W.K. Ferrell. 1968. Effect of drought upon
rates of photosynthesis, respiration and transpiration of seedlings
of two ecotypes of Douglas-fir. Bot, Gaz. 129: 346-350.






