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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)Z 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 q{ water drawn from extemsible tissues
0.1 m3/ha day appear t&vunderestimate the volume of water withdrawn from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 m3/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the amount of water withdrawn.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 negativef 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 sapwood has been observed to vary
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diurnally and seasonally, in approximate phase with the cycles of tran-
spifétioh, 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.)

-1
Franco) included as much as 1.25 mm dav 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, sfem 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
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into July 1979. The diurnal and seasonal fluctuations of Ré; stem radius,
and water potential in relation to enviornmental factors were compared
for the days examined. Ihe volume of stored water considered to be
available for transpiration was evaluated aﬁd 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.



Waring and Running (1978) worked with increment cores, but
defined their results as relative water content of sapwood (Rs, 7%).

They calculated this measure as:

_WE - Wd

Rs = Vf —vs °

100 (D
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), cm®. The equation was subsequently made dimensionally cor-
rect by inclu@ing density of water (guv =1 g/cm3) in the denominator
(Waring, Whitehead, and Jarvis 1979).

The volume of solid material was calculated from the dry weight
assuming that cellulose and lignin had a constant density of 1.53 g cm;3‘
(Siau 1971, Skaar 1972). 1In Waring's studies, the cores were collected
with an increment borer from the outer 2-cm band of sapwood at 1.3 m

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 b& Chalk and Bigg (1956), Clark and Gibbs (1957),
and Waring and Running (1978). 1In 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. 1In contrast, Chalk

and Bigg (1956) reported that sapwood saturation generally decreased



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.
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 trumnk 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



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



relatively smaller than that of the deciduous species studied, as

might be expected from species with an evergreen habii.

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). 1In 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.



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 atmoépheric
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 F?me. Stansell et al. (1973) reported that stems
swelled almoéf 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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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 sﬁall,
there is little diurnal stem shrinkagé; 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
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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“l is expected over the distance between the



13
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 potzntials of leaves at different
levels in the canopy result from the drop in potential along thé 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 diffefence in potential between enclosed and transpiring

branches with adjacent insertion at the same node is the drop in potential
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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
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drop in potential along the branches in
the afternoon. Hellkvist et al. (1974).
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along the 1-2 m long transpiring branch. The gradient along'the
branches varies between (.90 bar m_l at the lowest level to 2.8 bar m—l
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 6n1y 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



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 tfanspiration. 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 sapwocd could make only

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

Sources of Transpiration Water

Turner and Waggoner (1968) stated, "The contréction 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 scated in peripheral tissues



20
removed in the prdcéss 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 927 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 deformipg tissues of the stem can supply,
by moderate contraction, a substantial transpiration demand for over an
hour. In addition, Jarvis (1975) made apother 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 Pinus sylvestris L. The physiological
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[O.I mm Xylem ¢ cambium + phloem

Xylem only

Change in rodius
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Figure 4. Diurnal changes in stem radius in a 25-year
0ld 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).
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behaviour of the trees was studied for several days while their cut
trunks were immersed in water. Total transpiration of the cut trées
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_l." The amount of transpiration
water contributed from sapwoodbin 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) éubsequently
evaluated the quantities of water available diurnally and annually from
storage tissues of Scots pine. They found’thét on average 647 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-1
could be removed from the stem sapwood alone, and 30-507 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.
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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 caicu-
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 Equation (1):

Wf - Wd
(VE - Vs)pw

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

Rs = 100 (2)
sapwood, g; Vf1= the fresh volume of the sapwood sample, cm3; Vs = the
volume of solid material in the sapwood sample, cm3; pw is the density
of water.

The cores were extracted from the outer 2 cm of sapwood at dbh
with an increment borer, trimmed into a constant volume of 0.2513 cm3,
and sealed in air-tight glass vials for transport to the laboratory.
There they were %eighed 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

3 (Skaar 1972) from

derived assuming a constant density of 1530 kg m
Wd/1.53. Sapwood water deficit was (100 - Rs)Z%.
During the initial sampling, in late April 1979 and early May
1979, it became apparent that the flexible cambrium tissue just benéath
the bark of each core was squeezed by the increment borer and deformed
in shape. This thin, flexible layer of cambium tissue (0.05 em - 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
sgmple 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






