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CONTROL OF WATER LOSS IN SHADE TREES'

by T. T. Kozlowski and W. }. Davies

Trees are so constructed that they lose large
amounts of water vapor to the air by transpira-
tion. Their leaves are perforated with many
stomata, microscopic-sized openings, each sur-
rounded by two specialized guard cells. In
broadleaved trees, stomata usually occur only
on the undersurface of leaves, but in a few spe-
cies they may be found on both the upper and
lower surfaces.

Adding to conditions for high rates of water
loss from individual leaves is the very extensive
leaf area developed by trees. Trees vary greatly
in the number of leaves, with conifers having
many more than broadleaved trees of compar-
able age. Whereas a single mature broadleaved
tree often bears leaves numbering in the tens of
thousands, individual conifers often have mil-
lions. For example, a 36-year-old white spruce
(Picea glauca) tree had over 5 million needles.
In general, leaf size and leaf number in trees are
negatively correlated. For example, a 21-year-
old catalpa tree had 26,000 large leaves, where-
as a citrus tree that was only 12 years old had
almost 100,000 small leaves. But whether trees
have very many small leaves or fewer large
ones, they expose an extensive leaf surface that
constantly evaporates water which must some-
how be replaced.

Transpiration, the loss of water from trees in
the form of vapor, is basically an evaporation
process. It is modified somewhat by plant struc-
ture and stomatal control. Transpiration occurs
in two stages involving: 1) evaporation from the

wet cell walls into intercellular spaces; and
2) diffusion of water vapor from the intercellu-
lar spaces into the outside air. Small amounts of
water are lost directly through the epidermal
layers of leaves but this amount varies with the
thickness of the waxy layer on leaf surfaces, and
very small amounts are lost through lenticels of
twigs, even from deciduous trees in winter
{Kramer and Kozlowski, 1960; Kozlowski, 1958,
1968b, 1971b).

The amounts of water taken up by trees and
lost to the atmosphere by transpiration are very
high indeed. For example, in the southern
United States, forests are estimated to lose as
much as 8,000 gallons of water per acre per day.
A single silver maple (Acer saccharinum) tree
that was 47 feet high had 177,000 leaves and
was estimated to lose water at the rate of 58
gallons per hour during the late afternoon in
july. Of course, no tree is likely to maintain
such a high rate of transpiration very long. The
rate of water loss is exceedingly variable, how-
ever, and differs greatly with season and site,
species, soil moisture content, humidity of the
air, age of tree, depth and extent of rooting, and
it even varies in different parts of the same tree
(Kozlowski, 1958, 1967, 1971a).

Internal water deficits in trees are controlled
by relative rates of absorption and transpiration
and by internal redistribution of water. During
the day more water is lost from leaves by trans-
piration than is taken in by absorption through
the roots because of resistance to water move-
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ment through the tree. The resulting internal
water deficits usually are eliminated by a high
rate of absorption overnight. At night the
stomata are closed and transpiration is low or
negligible (Kramer and Kozlowski, 1960).

For the reasons just cited, water contents of
leaves vary daily, with the highest water con-
tents occurring in the early morning. Leaf mois-
ture contents decrease throughout the morning,
reach a minimum sometime in the early
afternoon, and then begin to increase sometime
in the late afternoon. Moisture contents of tree
trunks also vary daily and seasonally. On a sea-
sonal basis, trunks of trees generally have the
highest water contents in the spring, sometime
around the beginning of bud opening. When
the buds open and leaves emerge, transpiration
accelerates and tends to deplete the stem of
water throughout the summer. Water loss is re-
placed by absorption through the roots, but the
overall seasonal trend nevertheless is toward a
steady depletion of stem water during the
summer until a minimum moisture content is
reached, often just before leaf fall. This declin-
ing seasonal trend of water content of tree
stems is altered by temporary replenishing of
stem water through high rates of absorption
during rainy periods (Kramer and Kozlowski,
1960).

[t should be clear from the foregoing discus-
sion that internal water deficits in trees occur
very commonly and can be the result of either:
1) high transpiration; 2) slow absorption of
water from dry, cold, or poorly aerated soil; or
3) a combination of both.

EFFECTS OF WATER DEFICITS ON TREES

A high water content in trees is essential be-
cause water is a constituent of protoplasm, a
reagent in important biological reactions, a sol-
vent in which essential materials (e.g., miner-
als) are translocated, and a maintainer of tur-
gidity. Even mild dehydration of trees is harmful
(Kozlowski, 1966, 1968a, 1971b).

Stomatal Closure

Closure of stomata is one of the earliest
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responses to drought. The stomata close when
the water content decreases in the guard cells
that surround the stomatal pore. As the guard
cells lose water and turgidity declines, the
stomatal pore closes; when the guard cells
again absorb water the pore opens and the cells
become turgid. The plant is turgid when in a
normal healthy state. Turgidity results from
water uptake and a higher turgor pressure
within cells. Tissues lacking turgidity are some-
times described as flaccid and in a state of
wilting.

Dehydration of trees is checked considerably
by earlier closure of stomata during each day of
a developing drought and by temporary closing
of stomata during midday. However, the
closing of stomata during a drought may not
prevent killing of a tree which loses much water
directly through the leaf epidermis by evapora-
tion after stomatal closure *has occurred. Ever-
green trees usually undergo more leaf dehydra-
tion than deciduous ‘trees before they close
their stomata.

Leaves may recover slowly after a severe
drought, but this may cause severe damage to
stomata, which may open slowly or not at all
when the tree is finally watered. On a given tree
the stomata of shade leaves are more sensitive
than sun leaves to water losses. Also the
stomata of young leaves tend to close faster
than do those of old leaves.

Wilting

As leaves dehydrate and lose water they
eventually wilt. Wilting varies in degree and
may be classified as: 1) incipient; 2) temporary;
or 3) permanent. Incipient wilting does not
cause drooping of leaves. Temporary wilting
involves drooping of leaves during the day and
recovery from wilting during the night. During a
sustained drought, plants temporarily wilted
may become permanently wilted. Recovery
from permanent wilting requires rewetting of
the soil. Trees which stay in a state of

permanent wilting for an extended period may
die.
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Decrease in Vegetative and Reproductive
Growth

Growth in diameter of trees is particularly
sensitive to water supply. During dry years trees
produce narrow annual rings of wood. During a
summer drought, cambial growth either slows
or stops altogether, depending on drought
severity, and accelerates or begins again follow-
ing rain or irrigation. Cambial growth in
response to dry and wet periods may result in
formation of “false” or “multiple rings” of wood
in stems. These often have been mistaken for
annual rings of wood, leading to incorrect
estimates of tree age (Kozlowski, 1971b).

Drought decreases the rate of diameter
growth in trees not only in one year but also in
later years. A summer drought affects the
number of leaf initials which form in new buds
for the shoots of the following year, and the
consequent reduction in foliage reduces the
amount of growth requirements, such as carbo-
hydrates and hormones, that are translocated
downward.

Flowering and fruiting of trees are influenced
by availability of water at any stage during
flower bud formation, flowering, pollination,
fertilization, embryo growth, or fruit and seed
development. However, it is difficult to make
broad generalizations on the effects of drought
on reproductive growth, partly because timing
of the cycle of reproductive growth varies
widely.

Flower bud formation often is suppressed by
drought but the effect may not be abvious until
the following year at flowering time. Some-
times, however, a mild water deficit at a critical
time will increase initiation of flower buds by
decreasing growth of vegetative tissues. Both
the size and quality of fruits are improved by an
adequate water supply before and during the
period of fruit enlargement.

Injury

Various tissues and organs of trees often are
injured or killed by drought, without necessarily
killing the tree. Leaf responses to drought in-
clude curling, “scorching”, marginal browning,
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early autumn coloration, and premature drop-
ping.

Considerable winter and early spring leaf
scorching and defoliation occur in evergreen
shrubs and trees. When the injury is severe, all
the leaves and buds (often the plants) are killed.
More commonly, however, the leaves are killed
but the buds are not and the plants survive.
Eventually the dead leaves are shed, with the
most obvious symptoms occurring on the sides
exposed to the wind or sun. Such winter desic-
cation injury often has been erroneously attri-
buted to direct thermal effects.

Winter desiccation injury occurs when ab-
sorption of water cannot keep up with trans-
pirational losses. Appreciable transpiration
often occurs as the air warms up sufficiently
during winter or spring days to steepen the
vapor pressure gradient between the leaves and
surrounding air. Since the soil is cold or frozen,
water cannot be absorbed through the roots
rapidly enough to replace transpirational losses
and the leaves become desiccated. Among the
important causes for decreased absorption of
water at low temperatures are physical effects
on root resistance, increased water viscosity,
and decreased permeability of root cell mem-
branes. Other factors such as decrease in rate of
root growth, hydraulic conductivity, and root
metabolism may also contribute to decreased
absorption, but these appear to be less impor-
tant (Kramer and Kozlowski, 1960).

Following prolonged and severe droughts,
stems may become so desiccated that they
crack. In some species, death of bark in vertical
strips and longitudinal cracking may result from
water deficits. Drought cracks may or may not
heal and, if they do not, they provide openings
for invasion by decay fungi and insects.

EFFECTS OF TRANSPLANTING ON TREES

It cannot be emphasized too strongly that
water deficits of recently transplanted trees are
infinitely more serious than those which devel-
op periodically in well-rooted trees. Trees
which are uprooted and moved with bare roots,
or even with a root ball of soil, undergo a mas-
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sive physiological shock because their capacity
for water absorption is greatly diminished while
transpiration demands continue. Transplants
often lose water faster than they absorb it.
Many small absorbing roots are lost and the pre-
viously well-established contact of the whole
root system to a large volume of water-supply-
ing soil is greatly disrupted.

With the above considerations in mind, ex-
periments were conducted on transplanting
shock, leaf anatomy in relation to transpiration,
stomatal responses to environmental factors,
and control of water balance in transplanted
trees by decreasing transpiration and increasing
absorption of water.

Transplanting Shock

Many arborists have considered midsummer
transplanting to be successful if the trees sur-
vive. However, such reports generally do not
compare growth of transplanted trees with un-
disturbed control trees. Therefore, experiments
were conducted in the greenhouse, nursery,
and in the field on water balance, growth, and
survival of trees that were transplanted during
the summer.

In a forest nursery six species of hardwood
seedlings in full leaf were lifted in midsummer
on a cloudy day and either replanted imme-
diately on the same site or after 30 minutes of
root exposure. Fraxinus americana, F. pennsyl-
vanica, and Betula alleghaniensis survived mid-
summer planting better than Quercus alba, Q.
macrocarpa, or Q. rubra. Nevertheless, trans-
planting was not considered successful for any
species because most of the seedlings which
survived were severely injured.

In the University of Wisconsin Arboretum,
Picea glauca trees about 3 feet high were dug in
late June with a root ball of soil and were trans-
planted immediately. Additional trees were dug
at the same time and left on the ground in a
balled condition for 1 or 4 weeks. The root ball
was wrapped in polyethylene. Three years later
some of the trees that had been transplanted
immediately after lifting were dead and the
survivors in this group were only about half as
high as the control trees that had not been
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transplanted. Mortality was still higher in trees
that were balled for 1 week before trans-
planting. Practically all the trees, which had
been kept in a balled condition for 4 weeks be-
fore transplanting, were dead. Furthermore,
growth in the few survivors was very restricted.

In another experiment 27 3-year-old Populus
deltoides trees were selected from plantings at
the Arlington Farm of the University of Wiscon-
sin. The trees were randomly divided into three
groups of nine trees each. The trees in one
group were lifted and the soil shaken from the
roots before the trees were immediately trans-
planted at another site within the plantation.
Trees of the second group were lifted with a ball
of soil approximately 2 feet in diameter. The
ball was tightly wrapped with polyethylene. The
balled trees were immediately moved to anoth-
er site within the plantation and replanted after
the polyethylene was removed. Trees of the
third group were not disturbed and served as
controls. The trees were transplanted between
July 21 and July 25. During transplanting bare-
rooted and balled trees were alternated so that
different environmental conditions on the dif-
ferent days would influence survival of trees in
both transplanting treatments. The sites for
transplanting were selected so that transplanted
trees would be exposed to similar light and wind
conditions.

The succulent and developing leaves wilted
rapidly after transplanting of both bare-rooted
and balled trees. Within 24 hours, most leaves
on trees which had been transplanted were
desiccated and many had abscised. Although
most of the leaves died on trees which were
balled and transplanted, several such trees re-
tained a few isolated green leaves. Moisture for
these leaves probably was supplied by roots in
the ball. Transplanting in midsummer had very
detrimental effects on the trees but did not kill
them. All of the trees sprouted about 2 or 3
weeks after transplanting. However, the ter-
minal shoots were damaged and any subse-
guent growth from the sprouts would result in
poor form of the trees.

Before the trees were transplanted, measure-
ments of terminal shoot length and counts of
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leaves on terminal shoots were taken for control
trees and trees to be transplanted. Determina-
tion of the changes in these measurements as
they were influenced by transplanting treat-
ments were planned, but were not made be-
cause of the severe shock and damage resulting
from transplanting.

In a related experiment, 25% Foligard anti-
transpirant was applied to some Populus del-
toides trees before they were transplanted in
August. Application of the antitranspirant was
followed by less severe wilting than in un-
sprayed, transplanted trees. Nevertheless,
transplanting was unsuccessful in treated trees
because they developed severe water deficits
and were injured or died.

An experiment was also conducted on the
effect of root exposure on water balance of
Pinus resinosa seedlings. Changes in stem
shrinkage and water balance of leaves were de-
termined for potted seedlings and for repotted
seedlings (June 15) which had bare roots
exposed for 15 minutes, 1 hour, 24 hours, or 48
hours. A continuous record of changes in stem
diameter was obtained with dendrographs and
daily changes in stem diameters of the seedlings
were also measured with a micrometer cafiper.
Diameters of stems of control (undisturbed)
seedlings did not fluctuate diurnally. Changes
in diameters of seedlings which had their roots
exposed for 15 minutes or 1 hour were very
similar to those of the controls except after June
26 in the case of the seedlings with roots
exposed for 15 minutes. The diameter of the
stem of the seedlings with roots exposed for 15
minutes did not fluctuate diurnally and de-
clined in diameter only slightly until june 26.
Beginning with June 26 and through June 28
stem diameter showed a stair-step pattern of
shrinkage, with shrinkage occurring during the
day and little or no change in diameter at night.
Seedlings with roots exposed for 24 hours or 48
hours also showed a stair-step pattern of stem
shrinkage. There was a very rapid and large
decrease in stem diameter during the afternoon
of the first day the roots of the seedlings were
exposed. Thereafter a smaller amount of irrever-
sible stem shrinkage occurred each day until
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June 21, even after the seedlings were repotted
and watered. Stem shrinkage occurred during
the day and there was little or no change in
stem diameter at night. After June 20, there was
little further shrinkage of stems.

Diameters of stems, measured daily with a
micrometer caliper, of four controls and of a
seedling with roots exposed for 15 minutes or 1
hour did not significantly change from June 16
to June 22. In contrast, stem diameters of
seedlings with roots exposed for 24 hours or 48
hours declined from the beginning of root expo-
sure until the seedlings were repotted. After
repotting, little significant change in stem dia-
meters occurred.

Irreversible shrinkage of stems of seedlings
with roots exposed was indicative of the subse-
quent death of the seedlings with the exception
of a seedling with roots exposed for 1 hour
which did not show stem shrinkage at least
during the period measurements were made and
which subsequently died. All seedlings with
roots exposed died except one seedling with
roots exposed for 15 minutes and one with roots
exposed for 1 hour. All control seedlings re-
mained healthy.

Differences in moisture content of current, 1-
year-old, and 2-year-old needles on control
trees were evident, with moisture content of
current needles markedly greater than that of
either 1-year-old or 2-year-old needles. Expo-
sure of roots caused a decline in the moisture
content of needles of all three age classes. The
decline in moisture content of current needles
was most marked and, after 48 hours of root ex-
posure, moisture content of current needles was
only slightly greater than that of 1-year-old and
2-year-old needles. The decline in moisture
content of all age classes of needles as a result
of root exposure was not statistically significant
after 15 minutes or 1 hour exposure, except for a
greater moisture content in current needles of
seedlings exposed for 15 minutes than in current
needles of control seedlings. This difference
probably resulted because the roots of the seed-
lings which were bare-rooted were placed in a
water-bath overnight to loosen the soil from the
roots. This treatment apparently caused a
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higher initial moisture content in current
needles of root-exposed than in control seed-
lings, and the effect of the higher initial
moisture content was still evident even after
roots were exposed for 15 minutes.

These several experiments emphasized the
great advantage of transplanting trees when
they are not in a full-leaf condition. Transplant-
ing broadleaved trees with fully expanded
foliage, when atmospheric conditions are con-
ducive to high transpirational loss (high temper-
ature, low relative humidity), is likely to result
in severe water deficits, greatly reduced growth
of surviving trees, and death of many trees.

STOMATAL CHARACTERISTICS
AND TRANSPIRATION

Trees vary greatly in leaf anatomy and trans-
piration rates. Variations in stomatal size and
frequency as well as in the stomatal apparatus
are important in comparing transpiration capa-
city of different species. With these considera-
tions in mind, stomatal characteristics of over
30 species of trees were examined.

Some trees developed anatomical character-
istics to reduce water loss (e.g., sunken
stomata, thick waxy cuticular layers, leaf hairs,
etc.) (Figs. 1-14). The guard cells of Acer
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Figs. 1-8. Scanning electron micrographs of the lower leaf
surfaces of eight species of broadleaved trees. Fig. 1.
Cercis canadensis. Fig. 2. Citrus mitis. Fig. 3. Fraxinus
americana. Fig. 4. Quercus macrocarpa. Fig. 5. Acer
saccharum. Fig. 6. Acer saccharinum. Fig. 7. Ulmus
americana. Fig. 8. Betula papyrifera.

saccharum and Fraxinus americana stomata
were level with the leaf surface (Figs. 11, 12).
Those of Quercus macrocarpa projected above
the leaf surface (Fig. 13). Pinus had sunken
stomata, with the guard cells a part of the
second layer of cells (the hypodermis) rather
than the epidermal layer (Fig. 14).

Stomatal length and frequency also varied
markedly among species. Length of guard cells
varied from 17 to 56 u and stomatal frequency
from about 100 to 600 stomata per mmZ,
Generally a species with small stomata tended
to have many of them. For example, Acer
saccharum, A. saccharinum and Rhus typhina
had numerous small stomata whereas Betula
papyrifera, Fraxinus pennsylvanica, Ginkgo
biloba, Gleditsia triacanthos, Salix fragilis, and
Vitis vinifera had few large stomata. Qaks
(Quercus rubra, Q. macrocarpa, and Q. palus-
tris) had both numerous and large stomata.
Stomatal size and frequency often varied
greatly in the same genus as in different species
of Crataegus or Fraxinus (Davies et al., 1972).
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Figs. 9 and 10. Scanning electron micrographs of needle
surfaces of pines. Fig. 9. Pinus resinosa. Fig. 10. Pinus
strobus.

Marked variations also were shown among
species in their waxy leaf coatings. Fraxinus
americana had a protruding cuticular lip over
the guard cells (Fig. 3). The stomatal pores of
Acer saccharum and Cercis canadensis were
partially or totally occluded with cuticular wax
(Figs. 1, 5) whereas those of Ulmus americana,
and Betula papyrifera were not (Figs. 7, 8). The
stomatal pores of Pinus resinosa were occluded
with an amorphous cuticular wax. By compari-
son, the stomatal pores of Pinus strobus were
surrounded by plate-like wax but were unoc-
cluded (Figs. 9, 10).

Figs. 11-14. Light microscope cross-sections of leaves,
showing stomatal structure. Fig. 11. Acer saccharum. Fig.
12. Fraxinus americana. Fig. 13. Quercus macrocarpa. Fig.
14. Pinus resinosa.
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Stomatal Response to Environmental Changes

Whether a tree can grow vigorously depends
to a large extent on whether it can photosynthe-
size rapidly and keep transpirational water loss
low. With these considerations in mind, varia-
tions between and within species in transpira-
tion, photosynthesis, and water use efficiency
in relation to leaf structure, stomatal size,
stomatal frequency, and control of stomatal
opening were studied in shade tree species.
Plant responses under environmental stress
were determined for plants which varied mark-
edly in stomatal size and frequency.

Temperature. Experiments were conducted
on seedlings of five species of trees which
occur along an ecological gradient from xeric
to mesic: Quercus macrocarpa, Q. velutina, Q.
alba, Q. rubra, and Acer saccharum. Leaf resis-
tance and rates of transpiration and photosyn-
thesis as well as water use efficiency were cal-
culated for each species over a temperature
range of 20 to 40°C and a light intensity range of
200 to 3200 ft. c. (Wuenscher and Kozlowski,
1971a, 1971b).

All species showed a linear increase in trans-
piration with increased leaf temperature, up to
35°C. At high light intensities transpiration of
Q. velutina and Q. rubra decreased above 35°C.
All species also showed a significant increase in
transpiration resistance with increased leaf tem-
perature. The increase was linear throughout
most of the temperature range. Linear correla-
tion and regression analyses were made be-
tween leaf temperature and transpiration resis-
tance for pooled data from all light intensities.
The rate of increase of transpiration resistance
with rise in leaf temperature was greatest for Q.
velutina and least for Q. alba and A. saccha-
rum. Rates of increase were intermediate and
about equal for Q. macrocarpa and Q. rubra.

Water use efficiency, the ratio of water loss
resistance to CO2 uptake resistance, ‘increased
with increasing leaf temperature up to 35°C and
decreased at higher temperatures. Water use
efficiency also increased with increasing light
intensity up to some value at which it leveled
off or decreased slightly. Efficiency of water
used varied in the following order: Q. velutina






