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ABSTRACT 

The sapwood relative water content, Rs, and stem radii changes 

in ponderosa pine were examined during the April-July period in 1979. 

Sapwood water deficits (100 — Rs)% in ponderosa pine never exceeded 20%. 

In addition, stem radii changes increased throughout the growing season 

and were greatly influenced by temperature, relative humidity, rainfall, 

and cloud cover. The dependence of stem radii change upon Rs and water 

potential was not statistically significant, however. 

Direct measurement of water drawn from extensible tissues 
V * 

3 
0.1 m /ha day appear to underestimate the volume of water withdrawn from 

the stem, as the observed changes in Rs clearly demonstrate that some 

water leaves the sapwood storage. On the other hand, direct measurement 

of relative water content change, 1.2 m /ha day, appears to overestimate 

the amount of water withdrawn. The problem lies in identifying the volume 

of the sapwood that is active in the exchange process. Definition of 

this active volume is a problem that remains unsolved. 

viii 



INTRODUCTION 

Plant water potential is defined as the potential energy per 

unit mass of water with reference to pure water at zero potential. 

Since the potential energy of plant water is usually less than that of 

pure water, water potential values are almost always negative. In the 

past two decades, it has become apparent that plant water potential is 

the most suitable parameter for specifying the state of water in the 

soil-plant-atmosphere system. For clarity the state of water in plants 

is expressed as water potential (units, negative bars) rather than water 

stress (units, positive atmospheres). As the absorption of water through 

roots lags behind the rate of transpiration through the stomata, plant 

water potential becomes more negative, and stem radii tend to diminish. 

The plant water potential increases (becomes more positive) when the 

transpiration rate falls (as at night) and stem radii then tend to 

increase. This produces a characteristic shrinking and swelling in tree 

trunks, in phase with the diurnal cycle of transpiration, and the pat

terns of decreasing and increasing water potential. 

More recently, the structural characteristics of tree stems have 

been observed to play a role in the dynamics of water flow in the soil-

plant-atmosphere system. In most species, the xylem vessels in the sap-

wood are the pathways for water movement and thus influence the water 

flow directly, while the heartwood has no transport function. In parti

cular, the water content of the sapvood has been observed to vary 

1 
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diurnally and seasonally, in approximate phase with the cycles of tran

spiration, plant water potential, and stem radii changes. This has 

led to recent speculation that the sapwood functions as a reservoir, 

yielding water to the transpiration stream during the daytime, and 

recharging from the soil moisture reservoir at night. 

Initially, Roberts (1976) reported that water stored in the 

sapwood of 16-m Pinus sylvestris L. trees provided a relatively insig

nificant portion of water transpired over a 19-day period. In contrast 

to Roberts' estimates, Waring and Running (1978) concluded that the 

transpiration losses in Douglas-fir (Pseudotsuga menziesii (Mirb.) 

Franco) included as much as 1.25 mm day ^ from the sapwood. These 

authors do not agree on the source of the water transpired by trees, 

suggesting the desirability of additional study on this aspect of the 

water relations of ponderosa pine (Pinus ponderosa Laws). 

The objectives of the present investigation are as follows: 

1. To what extent does water stored in the sapwood of ponderosa 

pine tree stems contribute to transpiration? 

2. How large are the differences in water content, stem radius 

change, and water potential throughout the day and the season? 

3. How do water content, s£em radius change, and water potential 

vary in response to environmental changes? 

4. Can the relationships among water content, stem radius change, 

and water potential be defined? 

In order to find answers to these questions, sapwood relative 

water content (Rs), stem diameter changes, and plant water potential 

were measured in a ponderosa pine stand during the period from April 1979 



into July 1979. The diurnal and seasonal fluctuations of Rs, stem radius, 

and water potential in relation to enviornmental factors were compared 

for the days examined. The volume of stored water considered to be 

available for transpiration was evaluated and the amount withdrawn for 

transpiration was estimated. 



REVIEW OF LITERATURE 

The literature review is divided into six sections: (1) measure

ments of stem moisture content, (2) spatial patterns of stem moisture 

distribution, (3) temporal variations of stem water content, (4) varia

tions in stem radii, (5) plant water potential, and (6) available stem 

water for transpiration. 

Measurements of Stem Moisture Content 

The basic approach involved the determination of fresh weight 

and then dry weight of a sample of sapwood. Clark and Gibbs (1957) 

determined water content of disks, obtained from trees cut as near to 

the ground as possible. The bark was removed and the disks were labelled 

and weighed immediately to the nearest gram to give the "fresh-weight." 

The disks were then dried in an air-oven at 100-105°C and weighed again 

after they were cooled in a large desiccator. Water content was then 

calculated on a dry-weight basis. Chalk and Bigg (1956) extracted 

samples with an increment borer and subsequently weighed and dried the 

samples in the laboratory. They compared moisture contents derived from 

increment borings with those from disks, and concluded that borings give 

as accurate an assessment of moisture content as did segments. Further, 

the use of increment cores permits successive samples to be taken from 

the same tree. 

4 
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Waring and Running (1978) worked with increment cores, but 

defined their results as relative water content of sapwood (Rs, %). 

They calculated this measure as: 

Wf - Wd 
Rs • • 100 (1) 

where Wf = fresh weight of wood, g; Wd = dry weight of the wood, g; 

Vf = volume of the wood, cm3; Vs = volume of solid material in the wood 

(Wd/1.53), cm3. The equation was subsequently made dimensionally cor-

3 
rect by including density of water (p\; = 1 g/cm ) in the denominator 

(Waring, Whitehead, and Jarvis 1979). 

The volume of solid material was calculated from the dry weight 

_3 
assuming that cellulose and lignin had a constant density of 1.53 g cm 

(Siau 1971, Skaar 1972). In Waring's studies, the cores were collected 

with an increment borer from the outer 2-cm band of sapwood at 1.3m 

height, placed in vials for transportation to the laboratory, and then 

weighed, dried at 70°C for 24 hours and reweighed. 

Spatial Patterns of Stem Moisture Distribution 

The uniformity of moisture content within individual trees has 

been checked several times by measurements at various positions on trees 

immediately after they had been felled. Some trees had virtually no 

variation, as found by Chalk and Bigg (1956), Clark and Gibbs (1957), 

and Waring and Running (1978). In other trees, such as Douglas-fir, Rs 

in the upper portion of the stem differed as much as 10-15% from that 

at 1.3 m. At a fixed height, Waring and Running (1978) found only about 

a 5% variation across the sapwood in Douglas-fir. In contrast, Chalk 

and Bigg (1956) reported that sapwood saturation generally decreased 
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from outer edge to the inner boundary with heartwood in Sitka spruce. 

This gradient was present at all times of the year though the trees con

tained much more moisture at some times than at others. 

Clark and Gibbs (1957) found that the variation of moisture 

content of yellow birch from one segment to another within a disk follows 

a seasonal pattern in which the south side of the trunk figures promi

nently. The results were as follows (Clark and Gibb 1957, p. 228): 

In January, all zones (bark, outer sapwood, middle sapwood, and 
inner sapwood) are drier on the south side. The differences 
diminish generally from outer to inner sapwood. Late in April, 
when the trunk as a whole is wettest, the bark and outer sap-
wood of the south side are all still drier at all levels than 
those of the other three sectors. By July the differences are 
inconsistent and small. V 

In other words, the directional pattern of moisture distribution changes 

with the season. The external factor which best explains the results 

is solar radiation. The south side of the trunk is exposed to direct 

sunshine through winter and spring, but it is shielded by the canopy 

in summer. 

Temporal Variations of Water Content 

The water content of stem tissue changes seasonally and diur-

nally. The chief cause of diurnal and seasonal variations in water 

content is the lag of water absorption through the roots behind water 

loss through the leaves (Kramer and Kozlowski 1960). 

Diurnal Patterns of Water Content 

In general, transpiration increases rapidly during the period 

after sunrise when the stomates open and rising temperatures increase 
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the steepness of the vapor-pressure gradient between the intercellular 

spaces to the outside air. Water absorption does not begin to increase, 

however, until the diffusion-pressure (or pull) developed in the leaf 

cells by water loss is transmitted through the water in the xylem to 

the absorbing surfaces of the roots. Furthermore, the pull in the 

leaves must increase enough to overcome the friction in the water-

conduction system in order to move water from soil to roots. Late in 

the afternoon as light decreases and stomates close, transpiration 

decreases rapidly but water absorption through the roots continues 

until the diffusion-pressure deficit of the plant is eliminated, or at 

least reduced to a value equivalent to that with which water is held in 

the soil. This may require all night, and the plant may not even be 

fully hydrated at dawn if the soil is dry. In this case, rehydration 

may continue into the day as long as negligible transpiration takes 

place. 

Seasonal Patterns of Water Content 

Seasonal changes in moisture content have been studied by 

various authors, and it seems to be generally agreed that moisture in 

the sapwood tends to be lowest in the middle, or towards the end, of the 

growing season and highest at some time in the winter (Chalk and Bigg 

1956, Clark and Gibbs 1957, Waring and Running 1978). It becomes even 

clearer that the distinct seasonal pattern of the sapwood is not 

reflected in the heartwood (Craib 1923, Clark and Gibbs 1957, Jarvis 

1975). Moreover, Gibbs (1935) and Clark and Gibbs (1957) concluded 

that the seasonal changes in water content of the conifers were 
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relatively smaller than that of the deciduous species studied, as 

might be expected from species with an evergreen habit. 

Variations in Stem Radii 

Increase in diameter of a plant stem may be the result of two 

different processes, namely, (1) actual growth including cell 

enlargement and maturation as well as division, and (2) rehydration 

or refilling of partially dried tissues with water. From the 

disquisition on shrinkage of stems, it is evident that rehydration 

must at times play a significant role in diameter increases (Haasis 

1934). In fact, the true growth influence on daily diameter increase 

can be considered negligible in comparison with the diameter increase 

of rehydration. It is well known that diurnal and seasonal shrinking 

and swelling of tree stems occurs as a result of changing internal 

water relations (MacDougal 1938, Bormann and Kozlowski 1962, Kozlowski 

and Peterson 1962, Kozlowski 1963). It might also be expected that 

variations in moisture content of sapwood and bark in different parts 

of the same stem would influence shrinkage and swelling. 

Periodicity of Diurnal Changes in Stem Radius 

Diurnal shrinkage is caused by changes in stem hydration as a 

result of a lag of water absorption behind transpirational loss during 

the middle of the day. At night absorption of water exceeds transpira

tion so trees become rehydrated and their diameters increase (Kramer 

and Kozlowski 1960, Kozlowski, Kuntz, and Winget 1962). Consequently, 

the minimum radii typically occur in the late afternoon, and maximum 

radii after dawn. 
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Other environmental factors influence the change in radii. 

Holmes and Shim (1968) indicate in Fig. 1, for the period 12 to 16 

March 1966, that the small radial shrinking during the day of 15 

March corresponded with a rainy occasion during which 10 mm of rain 

fell in 12 hours. The temporary stem swelling from 11:00 to 14:00 

hours on 12 March occurred when a change in weather brought very fine 

mist, too light to record as rain, together with a rise in atmospheric 

humidity from 36 per cent at 10:00 hours to 96 per cent at noon, as 

shown by a hair hydrograph record. 

Clouds can also cause significant changes in plant water 

status in a short time. Stansell et al. (1973) reported that stems 

swelled almost immediately after net radiation decreased under a 

cloud. Peaks in stem diameter within a day coincide closely with the 

end of a cloudy period, and minima with the end of a sunny period. 

The explanation of the short-term radial changes should be 

based upon the pattern of transpiration of the tree. Near sunrise and 

again near sunset there is a clearly discerned kink in the dendrograph 

trace that is usually, but not always, at the maximum or minimum. 

This, Holmes and Shim (1968) assumed, is related to stomatal opening 

or closing. They found that the time lapse between stomatal movement 

and dendrograph response appears to vary with the season in Pinus 

canariensis, C. Smith. "Near midsummer, shrinking began 63 min after 

sunrise, but near midwinter only 16 min after. Likewise, swelling 

began 83 min before sunset near midsummer, but only 41 min before sun

set near midwinter (Holmes and Shim 1968, p. 231)." Their measurements 
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m  m  

E f f e c t  o f  c o l d  f r o n t  
w i t h  m i s t  

E f f e c t  o f  a  r a i n y  
d a y  

1 2  M a r c h  1 3  M a r c h  1 4  M a r c h  
1 9 6 6  

5  M a r c  h  

Figure 1. Dendrograph record showing the effect of rainfall in 
temporarily diminishing the intensity of stem 
shrinking during daytime. Holmes and Shim (1968). 
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show that stem swelling and shrinking was more closely in phase with 

sunset and sunrise during winter than during summer. 

Seasonal Change in Radii of Tree Stems 

Seasonal changes in moisture contents of stems may partially 

account for variable stem shrinkage. Water content of many species 

of trees decreases during the summer when transpiration rates are high, 

and tends to increase during the autumn after leaves absciss (Kramer 

and Kozlowski 1960). 

Kozlowski and Winget's (1964) study of diurnal and seasonal 

variation in trembling aspen stems suggested that early in the growing 

season, when soil moisture availability is high and leaf area small, 

there is little diurnal stem shrinkage. Later, as leaf area, air 

temperatures, and transpiration increase, diurnal stem shrinkage 

becomes greater. Diurnal shrinkage then decreases in late summer when 

available soil moisture is depleted and the water content of the tree 

is at a low level. During certain times of the growing season, the 

diurnal shrinkage considerably exceeds the amount of cambial growth 

over a period of several days or more. Both transpiration demand and 

availability of soil water have a strong influence upon diurnal stem 

radius change. 

Distribution of Fluctuations in Stem 

In a study by Dobbs and Scott (1971), devices were installed to 

record periodically circumferential changes at five levels on the stems 

of Douglas-fir. Their results show that the amplitude of diurnal 



12 

fluctuation is considerably greater in a zone adjacent to midcrown than 

at higher or lower levels. Within this midcrown zone, shrinkage and 

subsequent dimensional recovery begin sooner and proceed at the greatest 

rates. The faster and greater response in this midcrown zone must be 

primarily due to (1) greater decreases in water potential here or 

(2) the occurrence of tissue more responsive to changes in water poten

tial. Greater decreases in water potential in the midcrown zone could 

occur as a result of higher transpiration rates in the locale. The 

result could be a rapid buildup of tension leading to prompt stem 

shrinkage. When conditions promoting shrinkage were altered, recovery 

would begin sooner and proceed more rapidly due to the greater hydro

static and mechanical tensions developed in this midcrown zone. 

Kozlowski and Winget (1964) indicated that stem shrinkage in 

aspen varied seasonally, on opposite sides of the same stem, and at 

different stem heights. Early in the growing season, diurnal shrinkage 

was pronounced in the upper stem (19.5 ft) on the north side of the 

tree but was very slight in the lower stem (4.5 ft) on the north side 

and at both stem heights on the south side. The increasing trend curve 

for the upper stem on the north side suggested greater cambial growth 

at that position than on the opposite side of the stem at the same 

height. During the remainder of the growing season, the pattern of 

shrinkage was similar on both sides of the stem at 4.5 ft and 19.5 ft. 

Plant Water Potential 

Under conditions of no water flow, a hydrostatic change in water 

potential of about 0.1 bar m ^ is expected over the distance between the 



soil and the leaves in the canopy of a tree. When water flows through 

the soil-plant-atmosphere continuum, a larger difference in water poten

tial results from the resistances to flow encountered by the moving 

water. 

Gradient of Water Potential 

Differences between the water potentials of leaves at different 

levels in the canopy result from the drop in potential along the trunk 

between the branches, the drop in potential along the branches and the 

drop in potential within the needles. Nearly all measurements of poten

tial are made at the extremities of the plant; very few potentials have 

been measured at points along the trunk. In a few cases, tension or 

vapor pressure transducers (Spomer 1968) have been inserted into the 

stem xylem of trees at different heights. Another alternative, initially 

used on tobacco (Begg and Turner 1970) and subsequently on spruce trees 

(Hellkvist, Richards, and Jarvis 1974), is to enclose the branch in a 

large, black polythene bag containing wet paper for a period of at least 

24 hours, and usually 3 days. If there is no transpiration from the 

branch, it acts effectively as a tensiometer plugged into the xylem of 

the stem. Measurements of xylem pressure potential of the shoots on 

the enclosed branch will then indicate the pressure potential in the 

xylem of the stem at the point of insertion, and the gradient of stem 

xylem pressure potential can easily be calculated from a series of such 

"tensionometers." Figure 2 shows the axial gradient in xylem pressure 

potential in the stem obtained in this way. 

The difference in potential between enclosed and transpiring 

branches with adjacent insertion at the same node is the drop in potential 
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Height m 

0 
0 

O.t bor m' 

2 

0400 h 

-4 

Stem 

- 6  
1400 h 

8 

Brooch 

12 

-14 

Figure 2. Xylem pressure potentials at different 
heights in the stem of a 25-year old 
spruce tree (open circles) and in shoots 
at the end of branches (closed circles). 
The dashed line above shows the gradient 
to be expected from the effect of gravity. 
The length of the dashed lines joining 
the open and closed circles gives the 
drop in potential along the branches in 
the afternoon. Hellkvist et al. (1974). 



along the 1-2 m long transpiring branch. The gradient along the 

branches varies between 0.90 bar m ^ at the lowest level to 2.8 bar m ^ 

at the highest level. The reason for these differences is probably 

that the branches at the upper levels support a higher transpiration 

rate because the leaves there absorb the greater proportion of the net 

radiation (Landsberg, Jarvis, and Slater 1973). Figure 2 indicates 

that xylem pressure potentials in stems and in shoots show diurnal 

changes. If one is interested only in the diurnal variations of water 

potentials, it is more convenient to measure the xylem pressure poten

tials in shoots instead of in stems. Figure 3 shows gradients along 

the branches are^at least as large as the gradients in the stem (Richter 

1972). 

Diurnal and Seasonal Patterns of Shoot Water Potential 

The diurnal pattern of water stress in Douglas-fir shoots was 

determined with pressure bomb measurements by Waring and Cleary (1967). 

They found that water stress can reach 20 atm during midday, and this 

can occur with soils near field capacity if the radiation load is suffi

ciently high. Stress may fluctuate rapidly, with increases up to 5 atm 

per hour from sunrise to midday or decreases of similar size during the 

afternoon. Haze or partial cloud cover appeared to account for the 

temporary plateaus and abrupt decreases observed. Hellkvist et al. 

(1974) found that diurnal variations in water potential of shoots at 

four levels in the canopy of Sitka spruce trees showed fluctuations 

that were similar to those described by Waring and Clearly (1967). Dif

ferences of water potential between levels at each measurement are not 
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-23 

-23, 

-23 
-15 

Figure 3. A diagram of leaf and stem water 
potentials in a tree to show the 
apparent absence of a vertical 
gradient of water potential in the 
leaves. Richter (1972). 
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significant. In addition, very similar diurnal fluctuations in water 

potential measured with the pressure chamber were found by Klepper (1968) 

in the leaves of pear, apricot and vines, and by Waggoner and Turner 

(1971) in needles of Pinus resinosa. 

Hellkvist and Parsby (1976), working with Scots pine in Sweden, 

reported that the pre-dawn values of water potential remained remarkably 

stable throughout the year, with a seasonal range of only 4 bars. At 

dawn, the internal moisture gradients within the plant and soil have 

been more or less eliminated by the overnight equilibration period, and 

the "predawn" water potential approximately reflects the average bulk 

water potential in the soil (Slayter 1967). Thus, variability in the 

predawn measurements is an index of the water availability of a specific 

site. 

Available Stem Water for Transpiration 

The cross section stem area that is involved in water conduction 

varies widely. In most species a large amount of the xylem becomes 

heartwood and is no longer involved in conduction and, in fact, has no 

physiological function whatsoever. Not even all the sapwood is involved 

actively in conduction. 

Volume of Effective Sapwood 

The volume of sapwood able to contribute water to the transpira

tion stream is related to the amount of conducting tissue. Several 

authors have concluded that the xylem of tree species contains numbers 

of gas-filled elements which presumably do not participate in water con

duction (Preston 1938, Haines 1935, Gibbs 1939). There is a considerable 
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evidence which shows that the inner and outer annual rings do not take 

part to the same extent in the conduction of water (Greenidge 1957, 

Peel 1965). Moreover, within annual rings a preferential path of 

upward water transport in the first-formed, large-diameter tracheids 

is shown. The last-formed, small-diameter tracheids of annual rings, 

and small tracheids of false rings, often conduct no water (Kozlowski, 

Hughes, and Leyton 1966). Generally, in angiosperms water transport 

is confined to a very thin cylinder of the outer sapwood, primarily to 

the outermost annual ring, while in gymnosperms the path of upward 

water movement occupied a great proportion of the sapwood (Carlquist 

1975, Rumbold 1920, Chalk and Bigg 1956). 

Kozlowski and Winget (1963) investigated patterns of water move

ment in forest trees in the Lake States and reported spiral patterns of 

water ascension. Similar patterns were described by Kozlowski et al. 

(1966) in gymnosperms. Kozlowski et al. (1966) also stated that the 

rate of transpiration influenced the amount of cross-sectional stem area 

involved in water movement, with less of the annual ring conducting 

water upward under conditions of reduced transpiration. One explanation 

for this is cavitation, or the development of bubbles as dissolved gases 

come out of solution. 

Sap tensions at incipient cavitation were measured by a pressure 

bomb (Milburn and McLaughlin 1974), and found to cover a range of 5-15 

bars for Plantago (Milburn and McLaughlin 1974) and 10 bars in Ricinus 

plants and Douglas-fir (Milburn 1973a, 1973b, Waring and Running 1978). 

When cavitation is induced at low tension values, the whole conducting 
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system is not equally vulnerable, but rather a proportion of the conduct

ing system becomes gas filled when subjected to modest tensions. The 

time required to recover from cavitation is important too, for if 

recovery takes months, the water stored in the sapwood could make only 

a small contribution to diurnal transpiration (Waring and Running 1978). 

Sources of Transpiration Water 

Turner and Waggoner (1968) stated, "The contraction of the bole 

shows that the plant uses the water in the phloem and outer xylem ves

sels to meet the demand created by the lag in absorption by the roots 

over the losses to the atmosphere." Other authors (Richardson 1968, 

Holmes and Shim 1968) take it as axiomatic that diurnal stem deformation 

is due to compression of the xylem with little deformation occurring 

in the phloem. 

The apparent disagreement over the mechanism of water-stress-

induced stem deformation led Molz and Klepper (1973) to study the mecha

nics of the phenomenon as observed in the stems of cotton plants. Their 

results indicate that the mature xylem of a cotton stem is a rigid 

material that undergoes negligible elastic deformation in the radial 

direction. They, therefore, concluded that deformation in a water-

stressed stem is due almost entirely to dehydration of the living cells 

found in the phloem and related tissues. They also believed that the 

results could be extended to woody plants. 

Dobbs and Scott (1971) studied diurnal fluctuations in stem 

circumference after girdling a Douglas-fir. Results indicated that 

circumferential fluctiations are primarily seated in peripheral tissues 



20 

removed in the process of girdling. The exposed xylem cylinder showed 

neither diurnal variation nor net change in circumference. Concurrent 

measurements of diurnal change in dimension of the xylem cylinder and 

the entire stem in cotton and in conifers have shown that 92% or more 

of the change in dimension occurs in the peripheral living cells, includ

ing the cambial initials and derivatives and the phloem (Fig. 4). These 

cells are mostly thin-walled and extensible. 

Jarvis (1975) measured the volume of water exchanged in living 

tissues of a conifer stand and compared this with the transpiration 

rate. He reported that the deforming tissues of the stem can supply, 

by moderate contraction, a substantial transpiration demand for over an 

hour. In addition, Jarvis (1975) made another comparison between the 

change in the amount of water stored in conifer sapwood and the rate of 

transpiration, and concluded that the amount of exchangeable water 

stored in the sapwood can supply the transpiration requirement of a large 

tree for several days. However, it is not known whether all of sapwood 

water is normally part of the transpiration stream or how readily it 

moves into it. Stewart (1967) wrote: 

The water in the sapwood, especially in the outer sapwood 
which contains the transpiration stream, can be regarded as 
a supplementary reservoir for the tree, particularly during 
diurnal peak conditions. It is probable that the transpira
tion stream withdraws water from adjacent fibrous elements 
because these cells have lost the capacity to control their 

water content. 

Some Observations about Transpiration Water 

Roberts (1976) developed tree-cutting techniques to study the 

water relations of mature Finus sylvestris L. The physiological 
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Figure 4. Diurnal changes in stem radius in a 25-year 
old Sitka spruce tree on sunny days in June. 
The upper curve was obtained with the transducer 
shaft on shaved down bark just above the living 
phellogen. The lower curve was obtained with 
the transducer shaft on the sapwood surface 
where the bark peels readily. From Hellkvist 
et al. (1974). 



behaviour of the trees was studied for several days while their cut 

trunks were immersed in water. Total transpiration of the cut trees 

during this immersion period was based upon Penman formula evaporation 

and measurements of the water uptake rate. The results, expressed on 

an areal basis, indicated that approximately 1 mm of water was evapo

rated before stomatal closure occurred. 

In another method, the immersion water was removed from the 

cut trunk so that further transpiration could only be derived from 

water stored within the tree. The amount of water withdrawn from 

internal storage in the drying trees was calculated over the periods 

that stomatal resistance remained similar to that of the uncut trees. 

The declining water content of the sapwood in the cut trees was also 

evaluated by repeated core sampling. These measurements showed a 

loss of 15 per cent of dry weight, equivalent to a total water depth 

of 1.6 mm over a 19-day period. Roberts (1976) has concluded that the 

amount of water stored in the sapwood of 16-m Pinus sylvestris trees 

provided a rather insignificant portion of the daily transpiration 

losses. 

Waring and Running (1978) determined sapwood basal area at dbh 

of Douglas-fir from the foliage biomass (Grier and Waring 1974). Avail

able stem water for transpiration was estimated from the volume of stem 

sapwood, the volume fraction occupied by water, and the change of Rs. 

Waring and Running (1978, p. 135) pointed out, "In Douglas-fir, the 

most rapid decrease in Rs was measured immediately after days 243-247 

when no precipitation fell and potential transpiration was high. During 
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these 4 days, Rs declined from 76 ± 3% to 56 ± 2%, indicating that the 

stemwood was supplying 1.25 mm day The amount of transpiration 

water contributed from sapwood in stem was quite large. 

On the basis of seasonal measurements of sapwood water content, 

Waring and Running (1978) suggested that the sapwood in Douglas-fir 

serves as a major reservoir of water, which is quite different from 

Roberts' (1976) conclusions that water stored in the sapwood contributes 

little to transpiration in trees of Scots pine (Pinus sylvestris L.) 

that had been severed from their roots. Waring et al. (1979) subsequently 

evaluated the quantities of water available diurnally and annually from 

storage tissues of Scots pine. They found that on average 64% of the 

water considered.to be available for transpiration was in the stem sap-

wood and less than 5% in the phloem, cambium and foliage. They also 

indicated that in rapidly changing weather conditions 1 ~ 1.5 mm day ^ 

could be removed from the stem sapwood alone, and 30-50% of the transpired 

water was extracted from water stored in the stem sapwood over short 

periods. 

In addition, Roberts (1977) again studied the water relations of 

mature Pinus sylvestris L. by using tree-cutting techniques. Based on 

these new measurements (p. 763), he concluded: 

Water uptake rates cannot be used in plant physiological or 
other studies as an estimate of evaporation on an hour-by-hour 
basis from the canopy of uncut trees, for the contribution 
during part of the day from water stored in the trunk seems to 
be less in cut trees. A cut tree behaves more like a conduit 
without stored water than does an uncut tree. Thus, uncut tree 
transpiration, particularly in the early part of the day, may 
be almost wholly supported by transpiration from stores in the 
tree. This statement is strongly supported by observations 
that radial change occurs in uncut trees to a much greater 
extent than in cut trees. 



These studies suggest that transpirational demand can be substantially 

fulfilled by water temporarily stored in stem tissue. 



MATERIALS AND METHODS 

Measurements of sapwood water content, stem radii changes, and 

plant water potential were made during the growing seasons of 1979 in 

ponderosa pine (Pinus ponderosa Laws) on Mount Lemmon near the Palisade 

Ranger Station. The average height of the dominant and codominant 

trees at the site was 75 feet at age 90, giving a site index of 80 

(Meyer 1938). 

Meteorological Measurements 

The various weather variables affect the water relations of 

plants. Wet and dry bulb air temperatures, relative humidity, wind 

speed and direction, maximum and minimum temperatures, as well as pre

cipitation duration and amount were measured and recorded daily by 

U.S. Forest Service personnel at the Palisade Ranger Station, which 

was about 1 km west of the measurement site. Daily shortwave radiation 

and sky cover in tenths from sunrise to sunset were available from the 

National Weather Service Station at Tucson International Airport. The 

potential evapotranspiration (PET) at the experimental site was calcu

lated by the Penman method (Gay 1981, Gay and Greenberg 1982, Doorenbos 

and Pruitt 1975). 

Relative Water Content Measurements 

The moisture content of sapwood was determined on a relative 

water content basis (Waring and Running 1978, Waring et al. 1979). The 
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relative water content of sapwood (Rs), expressed as a percentage, was 

calculated from Waring et al.'s (1979) modification of Equal ion (1): 

Wf - Wd 
RS = (Vf - Vs)pw ' 100 

where Wf = the fresh weight of sapwood, g; Wd = the oven-dry weight of 

3 
sapwood, g; Vf = the fresh volume of the sapwood sample, cm"; Vs = the 

3 
volume of solid material in the sapwood sample, cm ; pw is the density 

of water. 

The cores were extracted from the outer 2 cm of sapwood at dbh 

3 
with an increment borer, trimmed into a constant volume of 0.2513 cm , 

and sealed in air-tight glass vials for transport to the laboratory. 

There they were weighed to obtain fresh weight, oven-dried at 70°C for 

24 hours and reweighed. The holes in the sample tree were blocked with 

beeswax. Vs is the volume of the solids, cellulose and lignin and 

derived assuming a constant density of 1530 kg m (Skaar 1972) from 

Wd/1.53. Sapwood water deficit was (100 - Rs)%. 

During the initial sampling, in late April 1979 and early May 

1979, it became apparent that the flexible cambrium tissue just beneath 

the bark of each core was squeezed by the increment borer and deformed 

in shape. This thin, flexible layer of cambium tissue (0.05 cm - 0.1 cm) 

was attached to the outer end of the 2 cm sample core. Initially, the 

volume of this flexible cambium tissue was overlooked in calculating the 

sample volume because it had been compressed by the equipment. This 

volume error of the core tends to bias the early growing season esti

mates of Rs downward. From the resumption of sampling on 6 June 1979 

until the end of experiment, this tissue compression was no longer 



observed, and the sample cores were extracted from the outer 2 cm band 

3 
of sapwood with a constant volume of 0.2513 cm without any practical 

difficulties. 

The diurnal variations of Rs were examined with samples obtained 

by extracting 2 cores from each of 3 trees at intervals of 2-3 hours 

throughout a given day. Five sets were collected on each of 2 days for 

this diurnal study, with the sampling beginning before 7:00 a.m. Seasonal 

changes in Rs were determined from the mean values of 12 cores taken 

weekly or fortnightly before 10:00 a.m. (usually the maximum Rs value) 

or between 2:00 p.m.-4:00 p.m. (usually the minimum Rs value) at the 

experimental plot. Seasonal Rs values were estimated from either 6 cores, 

v 

or from 24 cores by including the additional results of other experiments. 

A suppressed and a dominant ponderosa pine were selected for 

initial sampling. Their diameters at breast height were 22 cm and 58 cm; 

their heights were 9 m and 28 m, respectively. The relative water con

tents at dbh were evaluated, based on two cores for each (2:30 p.m., 

26 April 1979); the results showed 19% difference. This indicated that 

sampling criteria should be established for selection of trees and 

definition of the number of cores to be taken from each sampled tree 

at dbh. A further study was run in order to eliminate the variations 

of moisture content at dbh among trees and to check the directional 

variations of moisture content at dbh within individual trees. 

Relative water contents were measured at four directions on 

six dominants and codominants; three were beside a small creek (wet 

site), and three were on a side slope away from the creek (dry site). 

Diameters at breast height ranged from 37 cm to 58 cm, and heights 



ranged from 18 m to 27 m. An analysis of directional variance of outer 

sapwood data and variance among trees, on 5 May 1979, is presented in 

Table I (Clark and Gibbs 1957, p. 233, Snedecor and Cochran 1967, 

p. 299). 

The analysis indicates that at same date, level, and quadrants, 

the differences among dominants or codominants are non-significant. At 

same date, level, and among dominants and codominants, the differences 

of quadrants are non-significant. The results suggest that the number 

of sample trees and the number of sample cores taken from each tree are 

not important, as long as sample trees are selected among dominants or 

codominants with similar vigor. No directional variation is found at 

dbh of ponderosa pine. Therefore, it is not necessary to consider the 

direction of sampling at dbh. 

The quadrants moisture distribution and the variations of mois

ture content among trees in the outer sapwood zone were rechecked on 

28 July 1979. The result is represented in Table II. The analysis shows 

that the directional pattern of moisture distribution and the variation 

of moisture content among trees did not change significance with the 

season. 

The Rs of each sample core estimated to construct Table II is 

relatively similar to that in Table I (see Appendix B). The spring and 

the midsummer values were similar because of heavy rainfall. A total 

amount of 3.80 inch occurred from 17 July 1979 to 22 July 1979, and 

during that period, the daily maximum relative humidity was 100%. More

over, 28 July 1979 was also rainy, as 0.05 inch of rain fell in 1 hour. 
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Table I. Analysis of variance of moisture content of outer sapwood at 
dbh from four directions and among trees on 5 May 1979. 

Source of Variation D.F. S.S. M.S. Observed F Required F 

Total 23 547.03 
4.56** 

Trees 5 165.46 33.09 1.36 2.90* 
5.42** 

Directions 3 16.45 5.48 0.26 3.29* 
Error 15 365.12 24.34 

**significant at 1% level 
*significant at 5% level 
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Table II. Analysis of variance of moisture content of outer sapwood at 
dbh from four directions and among trees on 28 July 1979. 

Source of Variation D.F. S.S. M.S. Observed F Required 

Total 23 1879.48 
4.56** 

Trees 5 567.24 113.45 1.70 2.90* 
5.42** 

Directions 3 308.60 102.87 1.54 3.29* 

Error 15 1003.64 66.91 

**significant at 1% level 
^significant at 5% level 



Stem Radius Measurements 

Dendrographs continuously record the size of single radii in 

the stems of trees. The instrument is anchored to the stem with three 

lag screws inserted into the wood. In order to get the diurnal deforma

tion of extensible parts, a rod resting on shaved down bark just above 

the living phellogen bears on a lever connected to the recorder's arm 

and pen. Any change in the distance between the instrument and the 

prepared bark surface is magnified 100 times and recorded by the pen on 

the clock-driven drum which rotates once every eight days (Fritts and 

Fritts 1955). Fritts' dendrographs were set on two trees at dbh to 

measure the diurnal and seasonal fluctuations in extensible parts of 

the stem. The study trees were chosen among those trees which were 

used to detect the relative water content. One was on a wet site and 

the other on a dry site; they measured 28.2 m and 17.7 m in height, and 

58 cm and 33 cm dbh, respectively. 

Water Potential Measurements 

Xylem pressure potential in the sample trees was measured with 

a pressure chamber (Scholander et al. 1965). Each pressure potential 

sample was based on six to twelve terminal shoots, each about 15 cm long 

which were cut from marked branches at 3 m level in the canopy. The 

shoots were usually taken from similarly exposed branches on the same 

side of the same tree and between 1.0 and 1.5 m from the trunk. Shoots 

were chosen to be either in the sun or in the shade at the time of 

sampling. The measurement procedures followed the suggestions of Waring 

and Cleary (1967). The bark was stripped from the terminal 2 cm and 
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the shoot of a sample put into the chamber. The pressure was steadily 

raised until sap was seen with a hand lens to wet the cut surface. The 

pressure reading at this point was considered to represent the plant 

water potential. 

As a check on the diurnal variations of water potential at 3 in 

level in the canopy, a series of pressure chamber estimates were made 

on samples collected during the diurnal studies of Rs. Shoot water 

potentials were measured on a number of samples immediately after cut

ting, and 6 selected data were recorded. 

Exchangeable Stem Water for Transpiration 

The two sources of any exchangeable stem water used in transpi

ration are the extensible, living cambial tissues and the inextensible, 

woody xylem tissues. 

Water in Extensible Tissues 

The two trees which had dendrometer gauges attached were also 

chosen to investigate the volume of water exchangeable in living tissues 

of stem below the base of the crown. If all diurnal changes in diameter 

were attributed to the gain or loss of water from cambium and phloem, 

the dimensional changes can then be converted to a volume of water 

exchanged. 

The specific gravity (S.G.) of the sample is Wd/Vf, so the 

volume fraction of the wood occupied by water, <j>, is given by Waring 

and Running (1978) as: 
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Specific gravities may vary with the size of a tree. A conservative 

average value for ponderosa pine (Forest Products Laboratory 1955) is 

3 3 
0.40, and therefore (f> = 0.74 (m of water per m of wood). 

The volume of water exchanged in living tissues of stem below 

the base of the crown is: 

AV = AA£cj> (4) 

where AA is the change in cross-sectional area of the stem at breast 

height, £ is the height at the base of the crown, and <f> is the fraction 

of the wood volume which is water-filled (Jarvis 1975). For example, 

consider a gree with a diameter of 58 cm at breast height, 15 m between 

the base of the crown and the ground, 0.07 mm maximum diurnal change in 

radius, and the volume fraction of the wood occupied by water <J> = 0.74. 

From site index 80, with 22-23 inches (55.9 to 58.4 cm) of diameter class 

at 120 years of age, there are 10 trees of this size per hectare (Meyer 

1938). The volume of water exchanged in the extensible part of the stem 

3 -1 
below the crown from trees with this size is 0.01 m ha hypothetically 

and equals to 0.001 mm depth of water. 

Available Water in Sapwood 

In a similar way, the volume fraction of the sapwood water con

sidered to be available, cj>a, is: 

Rs - Rb 
** = 100 (5) 

where Rs is the relative water content of the sapwood, and Rb is the 

fraction of bound water, i.e., water which is held tightly, such as water 

of hydration, and cannot be removed by physiological forces. 
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The fraction of bound water was examined by Jarvis and Jarvis 

(1963) by equilibrating sapwood segments (0.4 cm diameter x 0.5 cm) 

3 
above a series of salt solutions in air-tight beakers (100 cm in 

volume) in a water bath maintained at 25°C for a 40-day period. How

ever, an evaluation of bound water in this experiment failed because 

mold formed on the sapwood segments during the long equilibration 

period. An estimate of Rb is available from similar experiments of 

Waring and Running (1978) and Waring et al. (1979). They evaluated the 

water bound in hydration with the cell walls and found that at equili

brium, Rb was 20% of the total held in saturated tissue, leaving 80% 

available for extraction. This is consistent with previous reports 

(Siau 1971, Skaar 1972). Therefore, it is reasonable to assume that up 

to 80% of water in saturated sapwood of ponderosa pine will be available 

for possible extraction in the transpiration process. 

The volume of sapwood must be known before an estimate of avail

able water can be transformed into an estimate of the volume exchanged 

in the transpiration process. Direct measurement of sapwood volume is 

an exceptionally arduous task that involves destructive sampling of the 

trees. This was not possible at the experimental site near the Palisade 

Ranger Station, so an indirect method was devised to estimate sapwood 

volume in this study. 

Since water transport within tree stems is confined to the sap-

wood (Kozlowski et al. 1966), the quantity of foliage on a tree is 

related to the basal area of sapwood. Cable (1958) developed an equation 

to estimate weight of foliage for ponderosa pine trees of varying diam

eters : 
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log W = 1.88 log D - 0.89 (6) 

where W, foliage weight, is measured in kilograms, and D, diameter, in 

inches. Grier and Waring (1974) showed that sapwood cross sectional 

area at breast height in ponderosa pine was linearly related to foliage 

mass: 

W = 0.043S + 7.13 (7) 

2 
where W, foliage mass (kg) and S, sapwood cross sectional area (cm ) at 

dbh. Therefore, the sapwood cross sectional area at dbh in ponderosa 

pine was estimated from diameter measurements. For example, consider a 

tree with dbh of 58 cm and with 15 m between the base of the crown and 

the ground. The foliage weight of this tree is 47.50 kg, and the sap-

O 
wood cross sectional area at dbh is 938.84 cm4". 

Waring and Running (1978) found that sapwood area of smaller 

Douglas-fir decreased 50% between 1.3 m and the base of the crown. 

Assuming the same result occurs in ponderosa pine, the volume of sapwood 

below the crown (Vsw) in the example tree is: 

938.84 cm2 + (0.5) 938.84 cm2 lr , 3 /os Vsw = ^— " 15 m = 1.06 m (o) 

This figure is 26% of the total volume of stemwood below the crown 

3 
(4.09 m ) in the example tree; it is a conservative estimate of total 

volume of sapwood because much of the stemwood in the crown is also 

sapwood (Waring and Running 1978). The volume of sapwood water below 

the crown considered to be available, Va, is therefore given by: 

Va = Vsw " cj)a (9) 

If the diurnal fluctuations in Rs from 86% to 56%, a 30% decrease in 

3 
Rs for the sample tree corresponds to an extraction of 0.32 m water 

from the stem sapwood alone. For stand with 10 trees per ha of 58 cm dbh 
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3 
and 15 m stem length below the crown, the volume extracted is 3.2 m /ha, 

or a depth equivalent of 0.32 mm. 



RESULTS AND DISCUSSION 

Temporal Variations of Water Content, Stem Radii, 
and Water Potential 

The experimental data showed diurnal and seasonal variations in 

water content and stem radii and diurnal fluctuations in water potential. 

Diurnal Patterns of Water Content, Stem Radii, and Water Potential 

Diurnal changes in sapwood water content (Rs) at 1.3m height, 

shoot water potential (ips) at 3 m level in the canopy, and stem radii 

at breast height during June and July are illustrated for two days in 

Fig. 5. Each point indicating diurnal variations of Rs and ips in Fig. 5 

represents an average of 6 measurements with 95% confidence limit. 

Diurnal Variations in Water Content. On 20 June 1979, at 

6:30 a.m., Rs was 93.9 ±6.92% initially. Rs reached the diurnal mini

mum at 2:30 p.m. and rapidly recovered to the initial value after 5:00 p.m. 

The slight increase in midmorning was probably associated with environ

mental factors, e.g., clouds that influenced the potential evaporation. 

The diurnal fluctuation of Rs on 13 July 1979 is also shown in 

Figure 5 after a period of dry weather. Rs was above 85% at 7:00 a.m. 

and decreased rapidly during midday, reaching the daily minimum 

(76.24 ± 6.53%) at 2:30 p.m. Rs then recovered to a fairly high value 

(81.39 ± 8.07%) near sunset. 

The early morning values of Rs were lower on July 13 than on 

June 20 (85.54 ± 5.01% vs. 93.90%). The drop in Rs is likely due to 
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Figure 5. Diurnal changes in sapwood water content (Rs) at 1.3 
height, shoot water potential (ips) at 3 m level in th 
canopy, and stem radii at breast height during June 
(20 June 1979) and July (13 July 1979) 1979. 
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higher values of potential evapotranspiration between June 20 and July 12. 

On 13 July 1979, water content (Rs) varied 9.3% diurnally, with a range 

similar to that of June 20. On July 13, the maximum relative humidity 

was 93%, and the minimum value was 33%. These humidity fluctuations were 

almost twice as large as those occurring on 20 June. •In addition, the 

large quantities of incoming shortwave radiation on 13 July and on 

20 June 1979 were within 10%; totals were 688.2 cal/cm^ day and 743.3 

2 
cal/cm day, respectively. The large totals contribute to a large 

evaporative demand by the atmosphere. 

These measurements show that the maximum water content occurs at 

or before sunrise with Rs values declining during the morning and middle 

of the day, and increasing again in the late afternoon and evening. 

This is very similar to diurnal fluctuations in water content found"by 

Gibbs (1935) in birch trunks and by Ackley (1954) in pear leaves. 

Diurnal Variations in Water Potential. The diurnal variations 

in shoot water potentials at 3 m level in the canopy during June and 

July 1979 are shown in Figure 5(b). These are similar to diurnal pat

terns of water stress found by Waring and Cleary (1967) in Douglas-fir 

shoots and by Hellkvist et al. (1974) in the canopy of Sitka spruce 

trees. Stress may fluctuate rapidly, with the hourly decrease ranging 

up to 2 bar/hr from morning to midday, followed by significant increases 

in the late afternoon. On the whole, the amplitude of iJjs fluctuations 

was larger in July than in June. 

On 13 July 1979, for example, the early morning value of \ps 

was 5 bar lower (more negative) than that on 20 June 1979. Moreover, 
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the slope of ips decrease per period of measurement was generally steeper 

in July than in June, (except for the unexpectedly high value for the 

initial period 0700-0930 on 20 June 1979). These observations may be 

caused by lower level of stem water contents and less soil moisture 

availabilities in July. 

Diurnal Variations in Stem Radii. The recording Fritts dendro-

graphs showed significant diurnal fluctuations in extensible part of 

tree stems. Figure 5(c) illustrates the diurnal variations superimposed 

upon radial increment of the wet site tree on 20 June and on 13 July 

1979. 

At night, absorption of water from roots exceeds transpiration 

loss from leaves so trees become rehydrated and their radii increase. 

On 20 June 1979, the stem radius changes reached the maximum at 6:30-

7:00 a.m. As water absorption from roots lagged behind transpirational 

loss from the leaves through the morning, the stem started to shrink. 

Daily shrinkage increased consistently until midafternoon, and rehydra

tion began around 5:00-6:00 p.m. Stem rehydration continued through 

the evening and swelling began to accelerate toward the next morning 

maximum. These diurnal fluctuations are similar to those found by 

Kozlowski and Winget (1964) in red pine and Holmes and Shim (1968) in 

Pinus canariensis, Smith. 

On the whole, the amplitude of stem radius variations was larger 

in July than in June. However, on 13 July 1979, the timing of the maxi

mum and minimum was shifted. The stem rehydration continued well past 

dawn, until 9:00 in the morning, while the diurnal shrinkage continued 
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until 6:00 p.m. This phenomenon was also reported by Haasis (1934) and 

Fritts (1976). These observations suggest that diurnal stem shrinkage 

tends to become greater when available soil moisture is depleted, and 

it may, therefore, take a longer time for stem to become rehydrated. 

Changes in phloem and cambium thickness typically followed 

changes in water potential as also found by Jarvis (1975) and Waring 

et al. (1979). Generally, there was agreement among diurnal variations 

in Rs at 1.3 m of outer 2 cm sapwood, ijjs at 3 m level in the canopy, 

and stem radius changes at dbh in extensible parts. 

Seasonal Patterns of Water Content and Stem Radii 

Large seasonal variations occur in the water content of the wood 

of most trees. In addition, seasonal shrinkage in trees of a number of 

species have been observed by many authors. 

Seasonal Variations in Water Content. Values of daily potential 

evapotranspiration (PET), maximum and minimum temperatures, and maximum 

and minimum relative humidities from 26 April 1979 to 30 July 1979 are 

shown periodically in Fig. 6 with corresponding changes in maximum and 

minimum daily sapwood water content (Rs). Gaps in Rs data are shown with 

a dashed line. 

The potential evapotranspiration calculated from Penman formula 

is an index for transpiration from the canopy of experimental plot 

(Appendix E). In general, PET and temperature increased slowly from the 

end of April to the beginning of July in 1979 (except for the unexpectedly 

high values of daily wind speed of 40-65 mph on May 6 to May 8 and on 

June 16 to June 18, causing extremely high values of PET). Values of 
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PET decreased rapidly on July 1, 1979 and after 13 July 1979 because of 

the summer rainy period. As much as 1.55 inch and 1.23 inch of heavy 

rainfall was recorded on 19 July and 20 July 1979, respectively. Daily 

relative humidity fluctuations throughout the experimental period were 

also highly influenced by rainfall. 

The slight increases of Rs from the end of April to the begin

ning of May in 1979 corresponded with higher relative humidities, lower 

temperatures, and less PET. Rs changed rapidly after rain during summer. 

For example, at the beginning of July and from 13 July to 28 July 1979, 

there were clear increases in the seasonal Rs trace. The largest daily 

change in Rs was a decrease of 11.57% on June 6, 1979. The largest 

change in maximum Rs values within any 2-week period was a 7.65% decrease 

between 4 July 1979 and 13 July 1979. In contrast, the largest change 

in maximum Rs values during June was a main increase of 6.42% from 

13 June to 20 June 1979 despite extremely high values of PET in this 

period. In fact, daily PET was 1.63 mm higher on June 13 than on 

June 20, 1979. Rs in stems of ponderosa pine did not consistently 

decrease from May to July in 1979, as one might expect from the ever

green habit of ponderosa and the precipitation patterns during the 

experiment. 

Over short periods, the trends in water deficit (100 - Rs)% 

generally followed the trends in potential evapotranspiration rate 

(Fig. 7(a), (b)). Larger water deficits were associated with higher 

PET, with Rs being measured before 10:00 a.m. The PET value in Fig. 7(b) 

is estimated as the mean of 5-day periods throughout the experiment. 

The water deficit actually declined between 28 April and 5 May 1979, 
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despite higher PET values. This is probably the volume error of the 

core which tends to bias the early growing season estimates of Rs. 

Sapwood water deficit fluctuated throughout the experiment but 

never exceeded 20%. This is much less than the seasonal changes of over 

40% reported by Chalk and Bigg (1956) in Picea sitchensis and by Waring 

and Running (1978) in Douglas-fir. Waring et al. (1979) reported that 

the water deficit fell no more than 30% in a Scots pine plantation 

from winter to summer. These different values are likely a consequence 

of differences in the climate and weather, leading to lower transpira

tion rates during the experiments at the ponderosa pine plot. Also, 

the experimental period may have been too short to reach the maximum 

seasonal water deficit in ponderosa sapwood. 

Seasonal Variations in Stem Radii. Dendrographic records of 

daily maximum and minimum stem radii at 1.3 m height are shown for two 

study trees in Fig. 8. One tree was on a wet site and the other on a 

dry site. The diurnal maximum stem radius was estimated between 7:00-

9:00 a.m. while the minimum occurred between 5:00-6:00 p.m. Record 

gaps shown were due to either absent measurements or dendrometers not 

working properly. Daily precipitation data are also plotted in Fig. 8 

for comparison with dendrographic records. 

The daily maximum and minimum radii changes on both study trees 

were in general agreement. Fig. 8 also indicates that the differences 

between daily maximum and minimum values of stem radii were reduced as 

a result of rainfall and cloud cover. These effects can be easily 

demonstrated. Periods of cloud cover in the morning and afternoon on 
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Figure 8. Dendrographic records of a.m. (usually maximum) and p.m. 
(usually minimum) stem radii of two study trees at 1.3 
height with corresponding daily precipitation. 
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1 May, 2 May, and 3 May 1979 are reflected in the irregularities of 

dendrograph traces. Dense clouds during 7 May and 8 May 1979 and a 

0.54 inch rain on 9 May 1979 produced the most marked midday irregulari

ties in stem sizes. Mean sky cover of 0.9 on 8 June 1979 also caused 

a marked irregularity in the record of stem size. Later, the 3.69 inch 

rain total from 17 July to 20 July 1979 accelerated stem rehydration 

and caused considerable expansion in stem size. 

The seasonal variation in stem radii observed here is similar 

to the findings of Haasis (1934) in redwood and Monterey pine, Holmes 

and Shim (1968) in Pin us canariensis, C_. Smith, and Fritts (1976) in 

ponderosa pine. On the whole, daily changes in stem radii are larger 

for the dry site tree than for the wet site tree. This phenomenon was 

also reported by Fritts (1976). 

The diurnal change in stem radii on two study trees is shown in 

Fig. 9 for the period 28 April to 21 July 1979, along with the daily 

mean relative humidity and temperature. There was general consistency 

among daily temperatures, relative humidities, and largest change in 

stem radii. A higher temperature with a lower relative humidity corre

sponds with a larger value of daily stem radii changes. Also, lower 

temperature with a higher relative humidity corresponds with a smaller 

value of daily stem radii changes. 

The Relationships Among Water Content, Stem 
Radius Change, and Water Potential 

When the absorption of water through roots lags behind the rate 

of transpiration through leaves, plant moisture content decreases, plant; 

water stress increases, and stem radii tend to diminish. 
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Linear Regression Between Water Content and Water Potential 

Figure 10 shows the linear relation between relative water con

tent of the sapwood and shoot water potential during June and July 1979 

(Appendix F). Water content and water potential are negatively corre

lated; higher water contents have lower water potentials. 

During June, sapwood relative water content increases on the 

average by 0.64 units per bar of shoot water potential decrease. 

Sapwood relative water content decreases on the average by 0.72 units 

per bar of shoot water potential increase in July. At 20 bars of 

shoot water potential in June, the value of sapwood relative water con

tent was estimated as 92.24% with 0.95 confidence limits from 80.53% 

to 103.95%. This confidence interval is represented by AB in Fig. 10(a). 

Of course, the confidence limit here should not exceed 100%, but it 

does slightly since percentages are not normally distributed. Similarly, 

at 20 bars of shoot water potential in July, the value of sapwood rela

tive water content was estimated as 81.68% with 0.95 confidence limits 

from 71.34% to 92.02%. This confidence interval is represented by CD 

in Fig. 10(b). The complete analysis is presented in Appendix F. 

Under the same values of selected shoot water potentials, the 

sapwood relative water contents estimated by the regression lines were 

9-12% higher in June than in July 1979. Relative water content in the 

sapwood always exceeded 60% during June and July 1979. 

A similar relationship between needle relative water content and 

water potential of shoots and branches in Scots pine during June and 

2 
July 1977 was also found by Waring et al. (1979). Their r value (the 
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proportion of the variance of needle relative water content that can be 

attributed to its linear regression on shoots and branches water poten-

2 
tial) was only 0.32. However, ponderosa pine r values between sapwood 

relative water content and shoot water potential were substantially 

higher (0.56 and 0.55 in June and July 1979, respectively). 

2 
The smaller r value found by Waring et al. (1979) may include 

other factors which bias the analysis. For example, water content and 

water potential of all tissues change diurnally and seasonally and are 

highly influenced by environmental and weather conditions. If analysis 

data come from long-period collection, soil moisture availabilities and 

weather conditions may be different. In addition, Waring et al. (1979) 

allowe'd branches to dry somewhat before taking water potential measure-

2 
ments. This may also contribute to a lower r value. 

Multiple Regression of Water Content, Water Potential, and Stem Radii 

The data were analyzed by multiple linear regression to determine 

the significance of the dependence of changes in stem radii upon water 

potential and relative water content. Data used for the multiple regres

sion analysis (Appendix G) were obtained 20 June 1979 and 13 July 1979 

on a diurnal collection basis. Sapwood relative water content and shoot 

water potential were each estimated by the mean values of 6 measurements; 

stem radius changes at dbh were recorded directly from the dendrograph. 

Each of the 10 triplets of data was measured almost at the same time in 

order to eliminate the bias of time lag within each triplet. 

The multiple regression equation: 

Y = 39.46 - 0.06X1 - 1.54X2 (10) 
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where X^, and Y represent sapwood water content, shoot water potential, 

and stem radius change, respectively. 

In order to find whether sapwood water content and water poten

tial are related to stem radius changes, an F-test is made from the 

analysis of variance in Table III. The F-value, 1.22, with 2 and 7 

degrees of freedom, is non-significant at the 5% level. This demonstrates 

that these experimental data do not relate sapwood water content and 

water potential to stem radius changes. The complete multiple regression 

analysis is presented in Appendix G. 

There are several explanations for the poor relationship observed. 

First, as described earlier, water content, water potential, and stem 

radii change diurnally and seasonally and are also influenced by environ

mental factors. The time lag bias within each triplet is eliminated, 

but it still carries the bias of temporal and environmental differences 

among triplets. Second, data are limited and only 10 triplets are avail

able for analysis. While water contents were collected from 3 trees in 

the experimental plot, and water potentials were measured at 3 m level 

in the canopy, dendrograph records were available only from one study 

tree on the wet site. Variances of water content and water potential 

among trees may reduce their contribution to the regression and cause 

the poor relationship. Third, from Fig. 5, there is an obvious phase 

lag in dendrograph records that makes it difficult to sample each trip

let on the same time basis. 

The explanation of this phase lag may be that products of photo

synthesis accumulated in the phloem and the laying down of new tissue 

at the cambium produced an enlargement of the stem that more than 



Table III. Analysis of variance of changes in stem radius. 

Source of Degrees of Sum of Mean Observed Required 
Variation Freedom Squares Square F F 

Regression 2 

Deviations 7 
Total 9 

1006.56 503.28 

2880.53 411.50 
3887.09 431.90 

1.22 4.74* 
9.55** 

**significant at 1% level 
^significant at 5% level 
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compensated for contemporary and continued tissue shrinking by dehydra

tion after sunrise. An alternative explanation for the phase lag in 

the dendrograph response after sunrise is that a certain finite time 

is required for a water potential drop generated in the shoots by 

transpiration to be transmitted down the tree stem to the position of 

the dendrograph. 

Changes in Stem Stored Water 

The volume of stem water exchanged each day can be estimated 

by two different methods: (1) the volume calculated from direct dendro

graph measurements of the changes in stem radii; and (2) the volume 

based upon measurements of relative water content in the stem sapwood. 

The volume of water exchanged in a given tree can be estimated 

on an area basis if one has knowledge of the size and number of trees 

in the stand. For example, for site index 80, there are 10 trees per 

hectare with 22-23 inches (55.9 to 58.4 cm) diameter class at 120 years 

of age. Similarly, there are 79 trees per hectare with 13-14 inches 

(33.0 to 35.6 cm) of diameter class at 80 years of age (Meyer 1938). 

These data provide a basis for extending single tree measurements to an 

area. 

Calculation of Maximum Volumes Exchanged 

The volume of water associated with direct changes in stem radii 

turns out to be rather small. The largest diurnal change in stem radii 

on a dry site was 0.17 mm on 9 July 1979. The study tree on a dry site 

measured 8 m in height below the crown and 33 cm dbh. After using equa

tion 5, the volume of water exchanged in living tissues of this stem is 
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3  3 - 1  
0.001 m . This represents about 0.08 m ha exchanged in the extensible 

parts of a fully stocked stand of 13-14 inch diameter class. 

Similarly, the largest diurnal change in stem radii on a wet 

site was 0.08 mm on 15 July and 16 July 1979. The study tree on a 

wet site measured 10 m in height below the crown and 58 cm dbh. The 

3 
volume of water exchanged in living tissues of this stem is 0.001 m . 

3 -1 
This corresponds to an exchange of about 0.01 m ha in a fully stocked 

stand of trees with 22-23 inch diameter class. 

The volume of water exchanged on basis of the relative water con

tent measurements was rather large. The largest daily change in Rs was 

a decrease of 11.59% on June 6, 1979. Extraction from the stem sapwood 

3 
alone was thus 0.015 m for the sample tree with 33 cm dbh and 8 m in 

3 -1 
height below the crown, and this amounts to 1.18 m ha in a fully 

stocked stand of 13-14 inch diameter class. Similarly, for the sample 

tree with 58 cm dbh and 10 m in height below the crown, extraction from 

3  3 - 1  
the stem sapwood alone was 0.082 m and about 0.82 m ha in a fully 

stocked stand with 22-23 inch diameter class. 

Comparison of Water Exchanged from Extensible 
Tissues with that from Woody Xylem Tissues 

Data are available on 13 July 1979 to permit direct comparison of 

the two techniques for estimating volume. On this day, water content 

3 -1 
(Rs) varied 9.3% diurnally. This was equivalent to 0.65 and 0.93 m ha 

water being withdrawn from the stem sapwood of fully stocked stands of 

diameter class 22-23 inches and 13-14 inches, respectively. However, on 

the same date, the maximum diurnal change in stem radii was 0.05 mm on 
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the dendrograph at the wet site and 0.12 mm on the dendrograph at the 

3 -1 
dry site. These correspond to 0.007 and 0.059 m ha exchangeable water 

from the extensible tissues of fully stocked stands of 22-23 inches 

diameter class and 13-14 inches diameter class, respectively. 

The estimates of extracted water are much greater by the rela

tive water content method than by direct measurement of stem diameter 

changes. The key point in explaining this discrepancy is the determina

tion of the volume of sapwood active in the exchange process. 

Earlier work assumes that all of the sapwood volume is active 

in the exchange process. However, the entire sapwood volume cannot be 

active as a reservoir, for reasons.that follow. 

The volume of sapwood able to contribute water to the transpira

tion stream is related to the amount of conducting tissue. It is usually 

assumed that the transpiration stream is carried by the outer annual 

rings. Within annual rings of gymnosperms, a preferential path of up

ward water transport is shown in first-formed, large-diameter tracheids. 

In addition, as a result of changes in water content and water potential, 

a proportion of the sapwood becomes gas filled. Th^se cavitated 

tracheids vary with time and environmental conditions. Thus, the amount 

of water-filled cells varies with structure and with environmental condi

tions. Obviously, not all the sapwood is active as a reservoir. 

However, observed changes in Rs confirm that some water is with

drawn from sapwood for transpiration. The direct measurement of radii 

changes appears to underestimate the volume of water withdrawn from the 

stem since this measurement ignores that some water leaves sapwood storage 

during each day. 



CONCLUSIONS 

As the absorption of water through roots lags behind the rate of 

transpiration through leaves, sapwood water content decreases, shoot water 

potential decreases (becomes more negative), and stem radii tend to 

diminish. Late in the afternoon, as the temperature drops and stomates 

close, transpiration decreases rapidly, but water absorption continues. 

Water moves into the roots from the soil, sapwood water content increases, 

shoot water potential increases, and the stem swells. These cycles are 

apparent on both short-term (diurnal) and long-term (seasonal) basis. 

Diurnal variations in sapwood water content, shoot water poten

tial, and stem radii during June (20 June 1979) and July (13 July 1979) 

are illustrated for two days. Rs was at the highest value early in the 

morning and decreased during midday, reaching the daily minimum at 

2:30 p.m., then recovered to a fairly high value near sunset. This is 

very similar to diurnal fluctuations in water content found by Gibbs 

(1935) in birch trunks and by Ackley (1954) in pear leaves. The early 

morning values of Rs were lower on July 13 than on June 20. This is 

likely due to higher values of PET between June 20 and July 12, 1979. 

Water potential may fluctuate rapidly, with the hourly decrease 

ranging up to 2 bar/hr from morning to midday, followed by significant 

increases in the late afternoon. On the whole, the amplitude of 

fluctuations was larger in July than in June. 

57 
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On 20 June 1979, the stem radius changes reached the maximum in 

the morning at 6:30-7:00 a.m. As water absorption from roots lagged 

behind transpirational loss from the leaves through the morning, the 

stem started to shrink. Daily shrinkage increased consistently until 

midafternoon, and rehydration began around 5:00-6:00 p.m. Stem rehydra

tion continued through the evening and swelling began to accelerate 

toward the next morning maximum. On the whole, the amplitude of stem 

radius variations was larger in July than in June. However, on 13 July 

1979, the timing of the maximum and minimum was shifted. These observa

tions suggest that diurnal stem shrinkage tends to become greater when 

available soil moisture is depleted, and it may therefore take a longer 

time for stems to become rehydrated. Generally, there was agreement 

among diurnal variations in water content, water potential, and stem 

radii. 

Sapwood water content (relative water content, Rs) fluctuated 

throughout the experiment but did not consistently decrease as summer 

progressed, in contrast to the findings of Waring and Running (1978). 

Sapwood water deficits (100 - Rs)% in ponderosa pine were never exceeded 

20% while values as high as 40% have been reported elsewhere (Waring and 

Running 1978). The lower values in ponderosa pine likely result from 

periodic rainfall during Arizona's summer rainy season (July and August). 

Also, the experiments did not extend into the dry September period when 

water content would likely drop to its lowest levels. 

The seasonal variation in stem radii was very similar to those 

described by Haasis (1934) in redwood and Fritts (1976) in ponderosa pine, 

with diurnal fluctuations superimposed on a gradual increase throughout 



the growing season. In addition, stem radii changes were greatly influ

enced by temperature, relative humidity, rainfall, and cloud cover. The 

experimental data were insufficient to characterize the seasonal pat

tern of water potential. 

Relationships among water content, water potential, and stem 

radius changes were evaluated from data collected through two days, one 

in June and one in July. The dependence of stem radius change upon Rs 

and water potential was not statistically significant. This was not 

unexpected, because of time lag among data, variance among trees, and 

phase lag in the dendrograph records. 

The question about the role that sapwood water storage plays in 

transpiration originates with the work of Roberts (1976). He studied 

water relations of Pinus sylvestris L. by using tree-cutting techniques, 

and reported that a negligible amount of the transpiration was obtained 

from sapwood storage. On the contrary, Waring and Running (1978) evalu

ated the change of water content in the sapwood of Douglas-fir and 

concluded that a substantial amount of transpiration each day was drawn 

from a sapwood reservoir, which partially refilled at night. 

The volume drawn from stem storage was calculated in this study 

by two methods: (1) by direct measurement of diurnal changes in stem 

radii, and (2) by diurnal changes in sapwood water content. The volume 

3 
drawn from extensible tissues did not exceed 0.1 m /ha, while the amount 

3 
drawn from the sapwood storage reservoir did not exceed 1.2 m /ha. 

These values are substantially lower than the estimates of Waring and 

3 
Running (1978) in Douglas-fir (12.5 m /ha), and Waring et al. (1979) in 

3 
Scots pine (12 m /ha). 
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These measurements lead to the conclusion that ponderosa pine 

does not utilize nearly as much stem water in transpiration as Waring 

and Running (1978) reported for Douglas-fir. In fact, the observed 

values were only a tenth as much (or less). Further, measurements of 

radii changes and relative water content changes suggest that both 

give erroneous estimates of the volume of stem water withdrawn for 

transpiration. 

The direct measurement of radii changes appears to underestimate 

the volume of water withdrawn from the stem, as the changes in Rs here 

and by other authors clearly show that some water leaves the sapwood 

storage each day. 

Direct measurement of relative water content change by Waring 

and Running's (1978) method appears to overestimate the amount of water 

withdrawn. The problem lies in identifying the volume of the sapwood 

that is active in the exchange process. Obviously, the entire volume 

of sapwood cannot serve as a reservoir because of differences in growth 

habit and environmental factors. Unless the active sapwood volume can 

be defined, overestimates will result. 

The data collected in this study help define the water relations 

of ponderosa pine, but they are not sufficient to develop a new method 

for estimating the source and volume of water withdrawn from the tree 

stem. 



APPENDIX A 

SAPWOOD RELATIVE WATER CONTENT MEASUREMENTS 

Date: 26 April 1979 
Collection time: 2:30 p.m. 

Wf + Wd + Wf -

Vial no. vial(g) vial(g) Wd(g) Wd (g) Vs(cm ) Rs (%) 

10 15.811 15.655 0.156 0.138 0.0902 96.83 

14 15.893 15.750 0.143 0.146 0.0954 91.73 

5 15.881 15.775 0.106 0.154 0.1007 70.39 

8 16.410 16.281 0.129 0.148 0.0967 83.44 

2 16.064 15.944 0.120 0.117 0.0765 68.65 

15 16.046 15.897 0.149 0.124 0.0810 87.49 

11 15.902 15.776 0.126 0.125 0.0817 74.29 

3 15.746 15.594 0.152 0.129 0.0843 91.02 

1 16.041 15.936 0.105 0.132 0.0863 63.64 

12 15.717 15.575 0.142 0.138 0.0902 88.14 

9 15.899 15.775 0.124 0.139 0.0908 77.26 

16 15.934 15.799 0.135 0.122 0.0797 78.67 

sample size (n) - 12 
sample standard deviation (s) = 10.43 
sample mean (x) = 80.96 

with 11 d.f., to.o5 = 2.201 
95% confidence limits: x ± t0.os s//n 
t0. os s/v^ii = (2.201) (3.01) = 6.63 

confidence interval: 74.33 to 87.59 
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Date: 28 April 1979 

Collection time: 6:45 a.m. 

Wf + Wd + Wf - O 
Vial no. vial(g) vial(g) Wd (g) Wd(g) Vs(cm ) Rs (%) 

6 16.028 15.885 0.143 0.131 0.0856 86.30 

4 15.805 15.675 0.130 0.121 0.0791 75.49 

17 15.993 15.845 0.148 0.142 0.0928 93.38 

19 15.996 15.880 0.116 0.149 0.0974 75.37 

23 15.829 15.704 0.125 0.147 0.0961 80.54 

22 15.560 15.408 0.152 0.127 0.0830 90.31 

21 16.130 15.988 0.142 0.134 0.0876 86.74 

13 15.928 15.780 0.148 0.125 0.0817 87.26 

18 16.231 16.080 0.151 0.150 0.0980 98.50 

7 15.968 15.820 0.148 0.156 0.1020 99.13 

20 16.342 16.188 0.154 0.146 0.0954 98.78 

24 16.034 15.860 0.174 0.057 0.0373 81.31 

sample size (n) = 12 
sample standard deviation (s) = 8.56 
sample mean (x) =87.76 
with 11 d.f., to.05 = 2.201 
95% confidence limits: x ± to.05 s/7n 
t0.05 s/v^T = (2.201)(2.47) = 5.44 
confidence interval: 82.32 to 93.20 
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Date: 3 May 1979 

Collection time: 4:00 p.m. 

Wf + Wd + Wf - 0 
Vial no. vial(g) vial(g) Wd (g) Wd (g) Vs(cm ) Rs (%) 

11 15.918 15.787 0.131 0.136 0.0889 80.67 

12 15.683 15.563 0.120 0.126 0.0824 71.05 

15 16.060 15.916 0.144 0.143 0.0935 91.25 

14 . 15.885 15.737 0.148 0.133 0.0869 90.02 

1 16.075 15.947 0.128 0.143 0.0935 81.12 

2 16.102 15.973 0.129 0.146 0.0954 82.75 

16 15.945 15.806 0.139 0.129 0.0843 83.23 

5 15.887 15.748 0.139 0.127 0.0830 82.59 

9 15.874 15.740 0.134 0.104 0.0680 73.10 

10 15.768 15.632 0.136 0.115 0.0752 77.23 

8 16.407 16.249 0.158 0.116 0.0758 90.03 

3 15.747 15.586 0.161 0.121 0.0791 93.50 

sample size (n) = 12 
sample standard deviation (s) = 7.14 
sample mean (x) = 83.05 

with 11 d.f., to.05 = 2.201 
95% confidence limits: x ± to.os s/y/vi 
t0.05 s/vG = (2.201)(2.06) = 4.53 
confidence interval: 78.52 to 87.58 
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Date: 6 June 1979 

Collection time: 6:10 a.m. 

Wf + Wd + Wf - O 
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs (cm ) Rs (%) 

1 16.091 15.950 0.141 0.146 0.0954 90.44 

2 16.075 15.957 0.118 0.130 0.0850 70.96 

3 15.750 15.610 0.140 0.145 0.0948 89.46 

14 15.891 15.745 0.146 0.141 0.0922 91.77 
5 15.908 15.768 0.140 0.147 0.0961 90.21 

16 15.977 15.826 0.151 0.149 0.0974 98.12 

9 15.927 15.774 0.153 0.138 0.0902 94.97 

8 16.400 16.270 0.130 0.137 0.0895 80.35 

11 15.917 15.781 0.136 0.130 0.0850 81.78 

10 15.748 15.643 0.105 0.126 0.0824 62.17 

15 16.054 15.905 0.149 0.132 0.0863 90.30 

12 15.725 15.571 0.154 0.134 0.0876 94.07 

sample size (n) = 12 
sample standard deviation (s) = 10.60 
sample mean (x) = 86.22 

with 11 d.f., to.05 = 2.201 
95% confidence limits: x ± to.05 s/v^n 
to. 05 s//a = (2.201) (3.06) = 6.74 
confidence interval: 79.48 to 92.96 
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Date: 6 June 1979 

Collection time: 2:40 p.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs(cm ) Rs (%) 

21 16.120 15.998 0.122 0.144 0.0941 77.61 
22 15.521 15.421 0.100 0.140 0.0915 62.58 
23 15.796 15.692 0.104 0.135 0.0882 63.76 
24 16.069 15.938 0.131 0.135 0.0882 80.32 
17 15.958 15.855 0.103 0.152 0.0993 67.76 
18 16.204 16.074 0.130 0.144 0.0941 82.70 
19 16.011 15.877 0.134 0.146 0.0954 85.95 
20 16.314 16.185 0.129 0.143 0.0935 81.75 
13 15.887 15.799 0.088 0.144 0.0941 55.98 
4 15.787 15.670 0.117 0.116 0.0758 66.67 
7 15.930 15.797 0.133 0.133 0.0869 80.90 
6 16.028 15.871 0.157 0.117 0.0765 89.82 

sample size (n) = 12 
sample standard deviation (s) = 10.77 
sample mean (x) = 74.65 
with 11d.f. , t0.os = 2.201 
95% confidence limits: x ± to.05 s/Jn. 
to.0 5  s/v^ = (2.201)(3.11) = 6.85 
confidence interval: 67.80 to 81.50 
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Date: 13 June 1979 

Collection time: 5:45 a.m. 

Wf + Wd + Wf - o 
Vial no. vial(g) vial(g) Wd (g) Wd (g) Vs(cm ) Rs (%) 

11 15.924 15.796 0.128 0.145 0.0948 81.79 
12 15.712 15.575 0.137 0.138 0.0902 85.04 
3 15.736 15.601 0.135 0.136 0.0889 83.13 
14 15.876 . 15.743 0.133 0.139 0.0908 82.87 
15 16.062 15.927 0.135 0.154 0.1007 89.64 
16 15.928 15.816 0.112 0.139 0.0908 69.78 
9 15.923 15.778 0.145 0.142 0.0928 91.48 
10 15.801 15.650 0.151 0.133 0.0869 91.85 
1 16.066 15.928 0.138 0.124 0.0810 81.03 
2 16.110 15.947 0.163 0.120 0.0784 94.27 
5 15.901 15.755 0.146 0.134 0.0876 89.19 
8 16.395 16.253 0.142 0.120 0.0784 82.13 

sample size v(n) = 12 
sample standard deviation (s) = 6.60 
sample mean (x) = 85.18 

with 11 d.f., t0.05 = 2.201 
95% confidence limits: x ± to.os s/v^ri 
to.os s/v^ = (2.201)(1.91) = 4.20 
confidence interval: 80.98 to 89.38 
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Date: 13 June 1979 

Collection time: 6:10 p.m. 

Wf + Wd + Wf - 3 
Vial no > • vial(g) vial (g) Wd (g) Wd (g) Vs(cm ) Rs(%) 

20 16.312 16.193 0.119 0.151 0.0987 77. ,98 

21 16.141 15.985 0.156 0.131 0.0856 94. ,15 

22 15.571 15.419 0.152 0.138 0.0902 94, .35 

23 15.842 15.690 0.152 0.133 0.0869 92. , 46 

24 16.058 15.942 0.116 0.139 0.0908 72. ,27 

6 16.037 15.897 0.140 0.143 0.0935 88. ,72 

18 16.214 16.062 0.152 0.132 0.0863 92. ,12 

17 15.963 15.836 0.127 0.133 0.0869 77. ,25 

19 15.994 15.850 0.144 0.119 0.0778 83. ,00 

13 15.928 15.776 0.152 0.121 0.0791 88. ,27 

4 15.836 15.681 0.155 0.127 0.0830 92. ,10 

7 15.955 15.786 0.169 0.122 0.0797 98. ,48 

sample size (n) = 12 

sample standard deviation (s) = : 8 .14 

sample mean (x) = 87.60 

with 11d.f. , t 0 . 0 5 - 2 .201 
s/A 95% confidence limits: x ± t0. 0 5 s/A 

t 0 . 0 5 £ \/vr\ = (2.201) (2 .35) = 5. 17 
confidence interval: 82.43 to 92 .77 
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Date: 20 June 1979 
Collection time: 6:15-6:30 a.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs (cm"^) Rs (%) 

1 16.099 15.933 0.166 0.129 0.0843 99.40 
2 16.124 15.960 0.164 0.133 0.0869 99.76 
3 15.748 15.595 0.153 0.130 0.0850 92.00 
14 15.905 15.749 0.156 0.145 0.0948 99.68 
5 15.898 15.758 0.140 0.137 0.0895 86.53 
16 15.958 15.825 0.133 0.148 0.0967 86.03 

sample size (n) = 6 
sample standard deviation (s) = 6.60 
sample mean (x) = 93.90 
with 5 d. f. , t0. o 5 = 2.57_1 
95% confidence limits: x ± t0>05 sh^vi 
to.05 s/SZ = (2.571)(2.69) = 6.92 

confidence interval: 86.98 to 100.82 

Date: 20 June 1979 
Collection time: 9:00-9:15 a.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd (g) Wd (g) Vs(cm ) Rs (%) 

8 16.426 16.260 0.166 0.127 0.0830 98.63 
9 15.910 15.752 0.158 0.116 0.0758 90.03 
10 15.809 15.653 0.156 0.136 0.0889 96.06 
11 15.936 15.786 0.150 0.135 0.0882 91.97 
12 15.704 15.578 0.126 0.141 0.0922 79.20 
15 16.044 15.920 0.124 0.147 0.0961 79.90 

sample size (n) = 6 
sample standard deviation (s) = 8.13 
sample mean (x) = 89.30 
with 5d.f., to.05 = 2.571 
95% confidence limits: x ± t0.05 s/v^n 
t0.os s//a = (2.571)(3.32) = 8.54 
confidence interval: 80.76 to 97.84 
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collection before 10:00 a.m. (Maximum Rs in seasonal patterns) 
sample size (n) = 12 
sample standard deviation (s) =7.46 
sample mean (x) = 91.60 
with lld.f., to.05 = 2.201 
95% confidence limits: x ± t0 . o 5  s//n 
to. 0 5  s//K = (2.201) (2.15) = 4.73 
confidence interval: 86.87 to 96.33 

Date: 20 June 1979 
Collection time: 12:00-12:15 p.m. 

Wf + Wd + Wf - o 
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs(cm ) Rs (%) 

18 16.226 16.058 0.168 0.128 0.0837 100.24 
19 16.020 15.863 0.157 0.132 0.0863 95.15 
20 16.327 16.167 0.160 0.125 0.0817 94.34 
22 15.573 15.415 0.158 0.134 0.0876 96.52 
13 15.922 15.800 0.122 0.145 0.0948 77.96 
24 ' 16.077 15.947 0.130 0.144 0.0941 82.70 

sample size (n) = 6 
sample standard deviation (s) = 8.75 
sample mean (x) = 91.15 
with 5 d.f . , t0. 05 = 2.57_1 
95% confidence limits: x ± to.os s//n 
to. os s/v'n = (2.571) (3.57) = 9.18 
confidence interval: 81.97 to 100.33 

Date: 20 June 1979 
Collection time: 2:20-2:35 p.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd (g) Wd(g) Vs(cm ) Rs (%) 

4 15.834 15.680 0.154 0.126 0.0824 91.18 

6 16.024 15.873 0.151 0.119 0.0778 87.03 

7 15.958 15.796 0.162 0.132 0.0863 98.18 

17 15.980 15.841 0.139 0.138 0.0902 86.28 

21 16.100 15.991 0.109 0.137 0.0895 67.37 

23 15.823 15.694 0.129 0.137 0.0895 79.73 
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sample size (n) = 6 
sample standard deviation (s) = 10.55 
sample mean (x) = 84.96 
with 5d.f., to.05 = 2.571 
95% confidence limits: x ± t0.os s/t/n 
t0.os s/vn = (2.571) (4.31) = li.08 
confidence interval: 73.88 to 96.04 

Date: 20 June 1979 
Collection time: 4:45-5:05 p.m. 

Wf + Wd 4- Wf -
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs(cm ) Rs (%) 

26 16.480 16.318 0.162 0.138 0.0902 100.56 
25 16.546 16.373 0.173 0.121 0.0791 100.46 
27 16.701 16.540 0.161 .0.118 0.0771 92.42 
28 15.926 15.780 0.146 0.149 0.0974 94.87 
29 16.662 16.525 0.137 0.137 0.0895 84.67 
30 16.960 16.824 0.136 0.142 0.0928 85.80 

sample size (n) = 6 
sample standard deviation (s) = 6.90 
sample mean (x) = 93.13 

with 5 d.f. , t o.o 5  = 2.571 
95% confidence limits: x ± t0.os s/v^n 
to.os s//n = (2.571) (2.82) = 7.25 
confidence interval: 85.88 to 100.38 
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Date: 4 July 1979 

Collection time: 8:00 a.m. 

Wf + Wd + Wf - O 
Vial no. vial(g) vial(g) Wd (g) Wd (g) V s ( cm ) Rs (%) 

1 16.106 15.951 0.155 0.147 0.0961 99.87 

2 16.132 15.984 0.148 0.157 0.1026 99.53 

3 15.759 15.606 0.153 0.141 0.0922 96.17 

14 15.894 15.733 0.161 0.129 0.0843 96.41 

8 16.417 16.286 0.131 0.153 0.1000 86.58 

10 15.802 15.675 0.127 0.158 0.1033 85.81 

9 15.921 15.767 0.154 0.131 0.0856 92.94 

11 15.945 15.794 0.151 0.143 0.0935 95.69 

15 16.040 15.907 0.133 0.134 0.0876 81.25 

12 15.735 15.570 0.165 0.133 0.0869 100.36 

16 15.954 15.838 0.116 0.161 0.1052 79.40 

5 15.918 15.774 0.144 0.153 0.1000 95.18 

sample size (n) = 12 
sample standard deviation (s) = 7.32 
sample mean (x) = 92.43 

with lld.f., t0.05 = 2.201 
95% confidence limits: x ± to.os s/t/H 
to.0 5  s/A = (2. 201) (2.11) = 4.64 
confidence interval: 87.79 to 97.07 
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Date: 13 July 1979 
Collection time: 7: 00 a.m. 

Wf + Wd + Wf - o 
Vial no. vial (g) vial(g) Wd (g) Wd(g) Vs(cm ) Rs (%) 

2 16.112 15.961 0.151 0.134 0.0876 92.24 
3 15.746 15.604 0.142 0.139 0.0908 88.47 
14 15.885 15.751 0.134 0.147 0.0961 86.34 
5 15.900 15.766 0.134 0.145 0.0948 85.62 
1 16.070 15.944 0.126 0.140 0.0915 78.85 
12 15.708 15.578 0.130 0.141 0.0922 81.71 

sample size (n) = 6 

sample standard deviation (s) = = 4. .77 
sample mean fx) = 85 .54 
with 5 d.f.. , to.05 = 2.571 
95% confidence limits: x ± to. 0 5 s//n 

10 . 0 5 £ i/vn = (2.571)(1.95) = 5. 01 
confidence interval: 80.53 to 90, .55 

Date: 13 July 1979 
Collection t ime: 9: 30 a.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd (g) Wd (g) Vs(cm ) Rs (%) 

23 15.856 15.700 0.156 0.143 0.0935 98.86 

31 16.558 16.415 0.143 0.132 0.0863 86.67 

6 16.022 15.891 0.131 0.137 0.0895 80.96 

36 16.906 16.786 0.120 0.139 0.0908 74.77 

11 15.911 15.792 0.119 0.142 0.0928 75.08 

9 15.915 15.773 0.142 0.137 0.0895 87.76 

sample size (n) = 6 

sample standard deviation (s) = 9.12 
sample mean (x) = 84.02 
with 5 d.f., t0.05 = 2.571 
95% confidence limits: x ± to.os s//n 
to.os s/v^ = (2.571)(3.72) = 9.56 
confidence interval: 74.46 to 93.58 
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collection before 10:00 a.m. (Maximum Rs in seasonal patterns) 
sample size (n) = 12 
sample standard deviation (s) = 6.98 
sample mean (x) =84.78 

with 11d.f., toao5 = 2.201 
95% confidence limits: 5c ± t0.os s//n 
to.os s/v^ = (2.201) (2.01) = 4.42 
confidence interval: 80.36 to 89.20 

Date: 13 July 1979 
Collection time: 12:00 p.m. 

Wf + Wd + Wf - o 
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs(cm ) Rs (%) 

29 16.672 16.541 0.131 0.153 0.1000 86.58 
16 15.953 15.810 0.143 0.134 0.0876 87.35 
22 15.549 15.432 0.117 0.150 0.0980 76.32 
13 15.934 15.806 0.128 0.151 0.0987 83.88 
34 16.440 16.321 0.119 0.132 0.0863 72.12 
34 16.000 15.882 0.118 0.151 0.0987 77.33 

sample size (n) = 6 
sample standard deviation (s) = 6.21 
sample mean (x) = 80.60 

with 5d.f., t0.os = 2.571 
95% confidence limits: x ± to.os s/v'n 
to.os s/v£ = (2.571) (2.54) = 6.53 
confidence interval: 74.07 to 87.13 

Date: 13 July 1979 
Collection time: 2:30 p.m. 

Wf + Wd + Wf - O 
Vial no. vial(g) vial(g) Wd(g) Wd (g) Vs(cm ) Rs (%) 

28 15.899 15.778 0.121 0.147 0.0961 77.96 

7 15.945 15.805 0.140 0.141 0.0922 87.99 

24 16.063 15.948 0.115 0.145 0.0948 73.48 

15 16.028 15.915 0.113 0.141 0.0922 71.02 

27 16.671 16.550 0.121 0.128 0.0837 72.20 

18 16.190 16.071 0.119 0.141 0.0922 74.80 



74 

sample size (n) = 6 
sample standard deviation (s) = 6.23 
sample mean (x) = 76.24 
with 5 d.f. , t0.05 = 2.571^ 
95% confidence limits: x ± to.os s/v/n 
to.05 s/v^ = (2.571) (2.54) = 6153 
confidence interval: 69.71 to 82.77 

Date: 13 July 1979 
Collection time: 5:00 p.m. 

Wf + Wd + Wf -
Vial no. vial(g) vial(g) Wd(g) Wd(g) Vs (cm ) Rs (%) 

25 16.508 16.379 0.129 0.127 0.0830 76.65 
10 15.806 15.655 0.151 0.140 0.0915 94.49 
32 16.805 16.685 0.120 0.135 0.0882 73.57 
4 15.821 15.698 0.123 0.144 0.0941 78.24 
30 16.942 16.809 0.133 0.127 0.0830 79.03 
20 16.318 16.176 0.142 0.133 0.0869 86.37 

sample size (n) = 6 
sample standard deviation (s) = 7.69 
sample mean (x) = 81.39 

with 5d.f., to.05 = 2.571 
95% confidence limits: x ± to.os S/T/H 
to.05 s/v^" = (2.571) (3.14) = 8.07 
confidence interval: 73.32 to 89.46 



APPENDIX B 

ANALYSIS OF VARIANCE OF MOISTURE CONTENT OF OUTER SAPWOOD 
FROM FOUR DIRECTIONS AND AMONG TREES AT DBH 

Date: 5 May 1979 
Collection time: 9:00 a.m. 

Direction Vial no. 
Wf + Wd + Wf -
vial(g) vial(g) Wd(g) 

N 
S 
w 
E 

N 
S 
w 
E 

N 
S 

w 
E 

N 
S 

w 
E 

N 
S 
w 
E 

N 
S 
w 
E 

18 
19 
7 
13 

20 
21 
26 
4 

8 
10 
30 

6 

3 
14 
25 
17 

27 
29 
28 
22 

35 
24 
33 
23 

16.206 
16.023 
15.952 
15.943 

16.343 
16.144 
16.456 
15.855 

16.421 
15.810 
16.966 
16.023 

15.756 
15.895 
16.538 
15.988 

16.698 
16.667 
15.917 
15.558 

16.454 
16.092 
16.710 
15.853 

16.070 
15.876 
15.800 
15.801 

1 6 . 2 0 0  
16.000 
16.332 
15.701 

16.290 
15.671 
16.828 
15.897 

15.610 
15.737 
16.382 
15.839 

16.555 
16.523 
15.760 
15.420 

16.294 
15.943 
16.554 
15.695 

0.136 
0.147 
0.152 
0.142 

0.143 
0.144 
0.124 
0.154 

0.131 
0.139 
0.138 
0 . 1 2 6  

0.146 
0.158 
0.156 
0.149 

0.143 
0.144 
0.157 
0.138 

0.160 
0.149 
0.156 
0.158 

Wd(g) Vs(cm^) Rs (%) 

0. 140 0. 0915 85. 11 
0. 145 0. 0948 93. 93 
0. 136 0. 0889 93. 60 

0. 146 o. 0954 91. 08 

0. 158 0. 1033 96. 62 
0. 146 0. 0954 92. 37 
0.152 0. 0993 81. 58 

0. 147 0. 0961 99. 23 

0. 157 0. 1026 88. 10 
0. 154 0.1007 92. 30 

0. 146 0. 0954 88. 52 

0. 143 0. 0935 79. 85 

0. 145 0. 0948 93. 29 

0. 133 0. 0869 96. 11 
0. 130 0. 0850 93. 81 
0. 136 0. 0889 91. 75 

0. 133 0. 0869 86. 98 

0. 135 0. 0882 88. 29 

0. 129 0. 0843 94. 01 

0. 139 0. 0908 85. 98 

0. 126 0. 0824 94. 73 

0. 140 0. 0915 93. 24 

0. 126 0. 0824 92. 36 

0. 138 0. 0902 98. 08 

75 
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sample size (n) = 24 
sample standard deviation (s) = 4.88 
sample mean (x) = 92.29 

with 23 d.f., to.05 = 2.069 
95% confidence limits: x ± to.os s / JTL 
to.0 5  s/v^ = (2.069)(0.996) = 2.06 
confidence interval: 89.23 to 93.35 

Treatment 1 2 
Replication 
3 4 5 6 Total Mean 

N 85.11 96.62 88.10 98.29 86.98 94.73 544.83 90.81 
E 91.08 99.23 79.85 91.75 85.98 98.08 545.97 91.00 
S 93.93 92.37 92.30 96.11 88.29 92.24 556.24 92.71 
w 93.60 81.58 88.52 93.81 94.01 92.36 543.88 90.65 

Total 363.72 369.80 348.77 374.96 355.26 378.41 2190.92 

Correction: 

Total S.S.: 

Treatments S.S.: 

Replication S.S.: 

C = (2190.92) /24 = 200005.44 

85.II2 + 91.082 + 93.932 + 93.602 +...+ 94.732 + 
98.08 + 92.242 + 92.36 - C = 200552.47 - 200005.4 
= 547.03 

544.832 + 545.972 + 556.242 + 543.882/6 - C 
= 200021.89 - 200005.44 = 16.45 

363.722 + 369.802 + ...+ 378.412/4 - C 
= 165.46 

Source of Variation 
Degrees Sum of Mean Observed Required 
of Freedom Squares Square F F 

Replications (Trees) 5 

Treatments (Directions) 3 

Residuals (Error) 15 

165.46 33.09 1.36 

16.45 5.48 0.26 

365.12 24.34 

4.56** 
2.90* 
5.42** 
3.29* 

Total 23 547.03 

**significant at 1% level 
*significant at 5% level 
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Date: 28 July 1979 

Collection time: 9:30 a.m. 

Direction Vial no. vial(g) vial(g) Wd(g) Wd( g )  Vs(cm^) Rs (%) 

N 7 15.945 15.840 0.105 0.176 0.1150 77.04 
S 13 15.962 15.844 0.118 0.189 0.1235 92.33 

w 24 16.082 15.963 0.119 0.160 0.1046 81.12 
E 28 15.936 15.793 0.143 0.162 0.1059 98.35 

N 5 15.929 15.805 0.124 0.184 0.1203 94.66 
S 15 16.052 15.946 0.106 0.173 0.1131 76.70 
w 17 15.995 15.874 0.121 0.171 0.118 86.74 

E 34 16.452 16.338 0.114 0.149 0.0974 74.07 

N 9 15.944 15.806 0.138 0.170 0.1111 98.43 

S 12 15.728 15.601 0.127 0.164 0.1072 88.13 

w 30 16.975 16.823 0.152 0.141 0.0922 95.54 

E 2 16.126 15.996 0.130 0.169 0.1105 92.33 

N 16 15.971 15.837 0.134 0.160 0.1046 91.34 

S 4 15.806 15.702 0.104 0.148 0.0967 67.27 

w 14 15.893 15.760 0.133 0.156 0.1020 89.08 

E 35 16.422 16.305 0.117 0.137 0.0895 72.31 

N 3 15.753 15.634 0.119 0.169 0.1105 84.52 

S 8 16.425 16.308 0.117 0.175 0.1144 85.46 

w 11 15.937 15.814 0.123 0.163 0.1065 84.94 

E 31 16.549 16.434 0.115 0.151 0.0987 75.36 

N 1 16.102 15.952 0.150 0.148 0.0967 97.02 

S 21 16.125 16.002 0.123 0.148 0.0967 79.56 

w 36 16.939 16.784 0.155 0.137 0.0895 95.80 

E 6 16.050 15.916 0.134 0.162 0.1059 92.16 

sample size (n) = 24 
sample standard deviation (s) = 9.04 
sample mean (x) = 86.26 
with 23 d.f., to.05 = 2.069 
95% confidence limits: x ± to.os s/v^n 
t0.05 s/v£ = (2.069)(1.85) = 3.83 
confidence interval: 82.43 to 90.09 
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Replication 
Treatment 12 3 4 5 6 Total Mean 

N 77.04 94.66 98.43 91.34 84.52 97. 02 543 .01 90. 50 
E 98.35 74.07 92.33 72.31 75.36 92. 16 504 .58 84. 10 
S 92.33 76.07 88.13 67.27 85.46 79. 56 489 .45 81. 58 
W 81.12 86.74 95.54 89.08 84.94 95. 80 533 .22 88. 87 

Total 348.84 332.17 374.43 320.00 330.28 364.54 2070.26 

Correction: 

Total S.S.: 

Treatments S.S.: 

Replication S.S. 

C = (2070.26) /24 = 178582.35 

77.042 + 98.35? + 92.332 + 81.122 +...+ 97.022 + 
92.16 + 79.56 + 95.80 - C = 180461.82 - 178582.35 
= 1879.48 

543.012 + 504.582 + 489.452 + 533.222/6 - C 
= 178890.95 - 178582.35 = 308.60 

348.842 + 332.172 +...+ 364.542/4 - C . 
= 179149.59 - 178582.35 = 567.24 

Degrees Sum of Mean Observed Required 

Source of Variation of Freedom Squares Square F F 

Replications (Trees) 5 567.24 113.45 1.70 4, ,56** 
2. , 90" 

Treatments (Directions) 3 308.60 102.87 1.54 5. ,42** 
3. ,29* 

Residuals (Error) 15 1003.64 66.91 

Total 23 1879.48 

**significant at 1% level 
*significant at 5% level 



APPENDIX C 

SHOOT WATER POTENTIAL MEASUREMENTS 

Date: 20 June 1979 

Collection time: 6:45 a.m. 

Shoot water potential ( i p s )  bar 

9 
11 
8 

10 
10 
12 

sample size (n) = 6 
sample standard deviation (s) = 1.41 
sample mean (x) = 10 
with 5 d.f., t0.05 = 2.571 
95% confidence limits: x ± to.os s/Zn 
to.os s//n = (2.571)(0.58) = 1.49 
confidence interval: 8.51 to 11.49 

Date: 20 June 1979 
Collection time: 9:30 a.m. 

Shoot water potential (ips) bar 

19 
40 
18 
45 
13 
24 
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sample size (n) = 6 
sample standard deviation (s) = 12.97 
sample mean (x) = 26.5 
with 5 d.f., t o. o 5 = 2.571 
95% confidence limits: 5T ± to.os s/-/n 
to. 05 s/t^n = (2.571) (5.14) = 13.21 
confidence interval: 13.29 to 39.71 

Date: 20 June 1979 
Collection time: 12:30 p.m. 

Shoot water potential (ijjs) bar 

20 
35 
25 
20 
28 
35 

sample size (n) = 6 
sample standard deviation (s) = 6.79 
sample mean (x) = 27.17 

with 5 d.f., to.o5 = 2.571 
95% confidence limits: x ± to.os s/v^n 
to.0 5  s/v^ = (2.571) (2.77) = 7.12 
confidence interval: 20.05 to 3-4.29 

Date: 20 June 1979 
Collection time: 2:45 p.m. 

Shoot water potential (ifs) bar 

25 
30 
37 
29 
32 
23 
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sample size (n) = 6 
sample standard deviation (s) =6.25 
sample mean (x) = 27.67 
with 5 d.f., to.05 = 2.571 
95% confidence limits: x ± to.os s//a. 
to. os s/t/£ = (2.571) (2.55) = 6.55 
confidence interval: 21.12 to 34.22 

Date: 20 June 1979 
Collection time: 5:20 p.m. 

Shoot water potential (ips) bar 

15 
28 
30 
26 
15 
20 

sample size (n) = 6 
sample standard deviation (s) =6.59 
sample mean (x) = 22.33 
with 5 d.f., to.05 = 2.571 
95% confidence limits: x ± to.os s/y^n 
to. os s / f i  = (2.571) (2.69) = 6.91 
confidence interval: 15.42 to 29.24 



Date: 13 July 1979 

Collection time: 7:30 a.m. 

Shoot water potential (ips) bar 

15 
19 
15 
18 
11 
12 

sample size (n) = 6 
sample standard deviation (s) = 3.16 
sample mean (x) = 15 

with 5 d. f., to.o5 = 2.571 
95% confidence limits: x ± t0.05 s//n 
to. 0 5  s/v^n = (2.571) (1.29) = 3^2 
confidence interval: 11.68 to 18.32 

Date: 13 July 1979 
Collection time: 9:45 a.m. 

Shoot water potential (iJjs) bar 

24 
18 
12 
20 
20 
15 

sample size (n) = 6 
sample standard deviation (s) = 4.22 
sample mean (x) = 18.17 
with 5 d.f., t0.05 = 2.571 
95% confidence limits: x ± to.os s/v^n 
to.os s//n = (2.571)(1.72) = 4.42 
confidence interval: 13.75 to 22.59 



Date: 13 July 1979 

Collection time: 12:15 p.m. 

Shoot water potential (\ps) bar 

18 
25 
28 
24 
20 
27 

sample size (n) = 6 
sample standard deviation (s) = 3.93 
sample mean (x) = 23.67 
with 5 d.f., t0.05 = 2.571 
95% confidence limits: x ± to.os s//n 
to.05 s/Sn = (2.571) (1.60) = 4.11 
confidence interval: 19.56 to 27.78 

Date: 13 July 1979 
Collection time: 2:45 p.m. 

Shoot water potential 0/Js) bar 

28 
30 
26 
37 
32 
30 

sample size (n) = 6 
sample standard deviation (s) = 3.78 
sample mean (x) = 30.50 
with 5 d.f., to.05 = 2.571 
95% confidence interval: x ± to 05 s/Zn 
to. os sMT = (2.571) (1.54) = 3.96 
confidence interval: 26.54 to 34.46 
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Date: 13 July 1979 

Collection time: 5:15 p.m. 

Shoot water potential (iJjs) bar 

16 
11 
10 
18 
20 

6 

sample size (n) = 6 

sample standard deviation (s) = 5.36 
sample mean (x") = 13.5 
with 5 d.f., t0.05 = 2.571 
95% confidence limits: x ± t0.os s/v^n 
to. 0 5  s/v^n = (2.571) (2. 19) = 5.63 
confidence interval: 7.87 to 19.13 
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APPENDIX E 

POTENTIAL EVAPOTRANSPIRATION MEASUREMENTS 

The potential evapotranspiration (PET) calculated from Penman 

formula (Gay 1981, Gay and Greenberg 1982, Doorenbos and Pruitt 1975) 

is an index for transpiration from the canopy of experimental plots. 

Air temperatures, relative humidities, and wind speeds were measured 

and recorded daily by U.S. Forest Service personnel at the Palisade 

Ranger Station. Daily shortwave radiation and mean sky cover in tenths 

from sunrise to sunset were available from the National Weather Service 

Station at Tucson International Airport. 

Wind is an important component of the aerodynamic term in the 

Penman formula, and Penman's (1948) original wind function (f(u)) was 

revised for agricultural crops and became (f(u) = 0.027(1 + 0.01U2) with 

U2 being the wind speed in km/day at a height of 2 meters (see Gay 1981 

for discussion). Wind values can be adjusted to the equivalent value at 

2 meters by multiplication with an adjustment factor. However, the wind 

value used in here was not adjusted because of the difficulties in deter

mining the actual height above the forest canopy. Because of the uncer

tainty of the appropriate form of the wind function over forests, and 

since the data came from two locations (solar radiation and mean sky 

cover in tenths from Tucson Airport, all else from Palisade Ranger Sta

tion) , the Penman PET values are most useful as an index of the ET rates 

during the study. For example, the PET (ETo*) on 26 April 1979 was 
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calculated from the program developed by Gay and Greenberg (1982) and 

run on a HP-41C/CV calculator as follows: 

Vapor Pressure 

T"max" = 67.00 
T"min" = 43.00 
T"mean" = 55.00 
ea = 14.76 
RH"max" = 87.00% 
RH"min" = 37.00% 
RH"mean" = 62.00% 
ed = 9.15 
ea-ed = 5.61 

Wind Function 

u2.00 = 77.25 
u2 = 77.25 
f(u) = 0.48 

Weighting Factor 

altitude = 2,422.00 
W = 0.66 
1-W = 0.34 

Net Radiation 

C.C. = 1.00 
n/N = 0.89 
Rs = 11.59 
Albedo = 0.10 
Rns = 10.43 
DRY Climate 
f(ed) = 0.21 
f(n/N) = 0.90 
f(t) = 13.17 
Rnl = 2.45 
Rn = 7.98 

ETo* = 6.19 mm/day 
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Daily PET values (mm/day) throughout the experiment are shown below: 

Date PET Date PET Date PET 

4/26 6.19 5/8 16.21 5/20 4.66 
kill 7.06 5/9 3.14 5/21 4.94 
4/28 6.16 5/10 4.67 5/22 6.41 
4/29 6.69 5/11 5.85 5/23 4.31 
4/30 7.11 5/12 8.88 5/24 6.56 
5/1 6.44 5/13 8.05 5/25 7.87 
5/2 7.00 5/14 10.06 5/26 3.87 
5/3 5.00 5/15 8.28 5/27 4.30 
5/4 7.56 5/16 4.54 5/28 5.12 
5/5 9.54 5/17 8.29 5/29 6.47 
5/6 22.15 5/18 5.45 5/30 7.11 
5/7 22.23 5/19 4.25 5/31 6.63 

Date PET Date PET Date PET 

6/1 7.19 6/11 8.18 6/21 8.40 
6/2 7.20 6/12 8.78 6/22 7.77 
6/3 8.38 6/13 9.31 6/23 9.03 
6/4 2.80 6/14 7.73 6/24 8.93 
6/5 4.99 6/15 8.29 6/25 9.27 
6/6 6.52 6/16 26.43 6/26 14.07 
6/7 7.66 6/17 22.64 6/27 10.17 
6/8 4.32 6/18 14.27 6/28 9.17 
6/9 9.75 6/19 6.94 6/29 8.43 
6/10 9.30 6/20 7.68 6/30 12.82 

Date PET Date PET Date PET 

7/1 5.43 7/11 9.55 7/21 6.60 
7/2 8.04 7/12 9.69 7/22 6.83 

7/3 11.03 7/13 8.09 7/23 7.18 

7/4 10.31 7/14 8.54 7/24 9.70 
7/5 8.84 7/15 8.31 7/25 7.08 

7/6 9.27 7/16 10.63 7/26 7.29 

7/7 15.47 7/17 7.55 7/27 7.08 
7/8 12.89 7/18 6.11 7/28 8.05 

7/9 9.37 7/19 4.20 7/29 3.28 

7/10 10.20 7/20 4.49 7/30 6.34 



APPENDIX F 

REGRESSION ANALYSIS BETWEEN Rs AND \ps 

Date: 20 June 1979 

Shoot water potential (ips) Sapwood relative water content (Rs) 

X Y 

9 99.40 

8 99.76 

11 92.00 

10 99.68 

10 86.53 

12 86.03 

13 98.63 

24 90.03 

18 96.06 

19 91.97 

40 79.20 

45 79.90 

20 100.24 

20 95.15 

25 94.34 

28 96.52 

35 77.96 

35 82.70 

23 91.18 

25 87.03 

20 98.18 

29 86.28 

37 67.37 

32 79.73 

15 100.56 

15 100.46 

26 92.42 

20 94.87 

30 84.67 

28 85.80 
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n = 30 n = 30 

IX = 682 _EY = 2714.65 
X = 22.73 • Y = 90.49 
ZX2 = 18322 EY = 247675.93 ZXY = 59914.80 
(ZX)2/n = 15504.13 (ZY)2/n = 245644.15 (lX)(ZY)/n - 61713.04 
Ex2 = 2817.87 £y2 = 2031.78 Exy = -1798.24 

Y = Y + b (X - X) b = Exy/Ex2 = -0.64 
= 90.49 + (-0.64)(X - 22.73) 
= 105.04 - 0.64X 

r = Zxy//(Ex^) (Ey2) = -0.75 
r2 = 0.56 

Idy*x2 = Ey2 - (Exy)2/Ex2 = 2031.78 - 1147.56 
= 884.22 

syx2 = Edy*x2/n - 2 
= 31.58 

sy-x = 5.62 

sY = _sy-x J\ + 1/n + x2/S^x2 with n - 2 d.f. 
Y = Y + bx X = 22.73 

X = 10 x = -12.73 x2 = 162.05 sY = 5.87 
X = 20 x = - 2.73 x2 = 7.45 sY = 5.72 
X = 30 x = 7.27 x2 = 52.85 sY = 5.76 
X = 40 x = 17.27 x2 = 298.25 sY = 6.00 

Y = 90.49 + (-0.64)(-12.73) = 98.64 
Y = 90.49 + (-0.64)(- 2.73) = 92.24 
Y = 90.49 + (-0.64)( 7.27) = 85.84 
Y = 90.49 + (-0.64)( 17.27) = 79.44 

t0.os = 2.048 d.f. = 28 

Y ± to.ossY 

98.64 + ( 2 .  048) (5. 87) 98. 64 + 12. 02 X = 10 Y = 98. .64 

92.24 + ( 2 •  048)(5. 72) 92. 24 + 11. 71 X = 20 Y = 92. ,24 

85.34 + ( 2 .  048)(5. 76) 85. 84 + 11. 80 X = 30 Y = 85. .84 

79.44 + ( 2 .  048)(6. 00) 79. 44 + 12. 29 X = 40 Y = 79. .44 

86.62 < >J < 110.66 
80.53 < p < 103.95 

74.04 £ y £ 97.64 
67.15 < y < 91.73 
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Date: 13 July 1979 

Shoot water potential ( t y s )  Sapwood relative water content (Rs) 

X Y 
11 92.24 
12 88.47 
15 86.34 
15 85.62 
19 78.85 
18 81.71 
12 98.86 
18 86.67 
20 80.96 
24 74.77 
20 75.08 
15 87.76 
20 86.58 
18 87.35 
27 76.32 
24 83.88 

28 72.12 
25 77.33 
28 77.96 
26 87.99 
30 73.48 
37 71.02 
32 72.20 
30 74.80 
18 76.65 
6 94.49 
20 73.57 
16 78.24 
11 79.03 
10 86.37 



n = 30 

IX = 605 
X = 20.17 
ZX2 = 13797 
(ZX)2/n = 12200.83 
Zx2 = 1596.17 

ZY = 2446.71 
Y = 81.56 
ZY2 = 201065.39 
(ZY)2/n = 199546.33 
Zy2 = 1519.06 

ZXY = 48193.01 
(ZX)(ZY)/n = 49341.99 
Zxy = -1148.98 

Y = Y + b(X - X) b = Ixy/Zx2 = -0.72 
= 81.56 + (-0.72)(X - 20.17 
= 96.08 - 0.72X 

r = Zsy//(Zx2)(Zy2) = -0.74 
r2 = 0.55 

Zdy*x- = Zy2 - (Zxy)2/Zx2 = 

sy • x2 = Idyx2/n - 2 
= 24.71 

syx = 4.97 

1519.06 - 827.08 
691.98 

sY = _sy*x v'l + 1/n + x^_/Zx^ with n - 2 d.f. 
Y = Y + bx X = 20.17 

X = 10 x = -10. 17 
2 x = 103.43 

/\ 

sY = 5. 21 
X = 20 X = - 0. 17 X2 = 0.0289 sY = 5. 05 
X = 30 X = 9. 83 X2 = 96.63 sf = 5. 20 
X = 40 X = 19. 83 X 2  =  393.23 sY = 5. 62 

Y = 81.56 + (-0.72)(-10.17) = 88.88 
Y = 81.56 + (-0.72)(- 0.17) = 81.68 
Y = 81.56 + (-0.72)( 9.83) = 74.48 
Y = 81.56 + (-0.72)( 19.83) = 67.28 

to. 05 — 2.048 d.f. — 28 
Y t o. o 5 sY 

88. 88 + (2-,048)(5. 21) 88. ,88 + 10. 67 X = 10 Y = 88. 88 

81. 68 + (2. 048)(5. 0 5 )  81. 68 + 10. 34 X = 20 Y = 81. 68 

74. 48 + (2. 048)(5. 20) 74. 48 + 10. 65 X = 30 Y = 74. 48 

67. 28 + (2. 048) (5. 62) 67. 28 + 11. 51 X = 40 Y = 67. 28 

78.21 <]i< 99.55 
71.34 < y < 92.02 
63.83 £ y _< 85.13 
55.77 < y < 78.79 



APPENDIX G 

MULTIPLE REGRESSION AMONG STEM RADIUS CHANGE, Rs AND ips 

-4 
Sample Stem radius change (Y)10 cm Rs(X^)% i/js (X^) bar 

1 +15.24 93.90 10.0 
2 + 7.62 89.30 26.5 
3 -12.70 91.15 27.17 
4 -17.78 84.96 27.67 
5 -15.24 93.13 22.33 
6 +33.02 85.54 15.0 
7 +35.56 84.02 18.17 
8 0.0 80.60 23.67 
9 -15.24 76.24 30.50 
10 -17.78 81.39 13.50 

Mean 1.27 86.02 21.45 

ZXj2 = 74301.1027 IX2
2 = 5032.63 

(ZX1)2/n = (860.23)2/10 = 73999.5653 (EX2)2/n = (214.51)2/10 = 4601.45 

= 301.54 Zx2^ = 431.18 

EY2 = 3903.218 EXiX2 = 18354.062 
(EY)2/n = (12. 7)2/10 = 16.129 ZXxD^/n = (860.23) (214.51)/10 = 18452.79 

lyZ = 3887.09 

ZXjY = 1227.2772 £X2Y = -386.4356 
DqlY/n = (860.23)(12.7)/10= 1092.4921 EX2EY/n = (214.51)(12.7)/10 = 272.4277 

Ixjy = 134.79 Zx2y = -658.86 

D = (Ixi2)(EX22) - (Zxxx2)2 

= (301.54)(431.18) - (-98.73)2 

= 120270.40 

bj = (Ix22)(Zxjy) - (Zxix2)(Zx2y)/D = -6930.4956/D = -0.06 

b2 = (£x].2) (Zx2y) - (Zx^x2) (Zxjy)/D = -185364.8277/D = -1.54 

a = Y - bjXj - b2X2 = 1.27 - (-0.06)(86.02) - (-1.54)(21.45) = 39.46 
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The multiple regression equation becomes: 

Y = 39.46 + (-0.06)X1 + (-1.54)X2 

Zy2 = b^Zx^y + b£Zx2y 
= (-0.06)(134.79) + (-1.54) (-658.86) 
= 1006.56 

? 9 ^ 9 
Zdz = Zy - Ey 

= 3887.07 - 1006.56 = 2880.53 

Analysis of variance of data 

Degrees of Sum of Mean 
Source of Variation Freedom Squares Square F 

Regression 2 Zy^ = 1006.56 503.28 1.22 

Deviations 7 Zd^ = 2880.53 411.50 

Total 9 Zy2 = 3887.09 
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