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STRESSES1

by T.T. Kozlowski

Abstract. Shade trees are subjected to a wide variety of
environmental stresses which decrease growth and cause in-
jury and mortality. Although trees often are classed as either
stressed or unstressed, all trees are periodically stressed by
unfavorable environmental conditions above or below ground,
and often both. Exposure of trees to some stresses also
predispose them to the effects of other stresses. Healthy
trees require adequate supplies and balances of carbo-
hydrates, growth regulating hormones, water, and minerals.
Environmental stresses, alone or in combination, reduce tree
growth by setting in motion a series of complex physiological
events leading to deficiencies of these essential substances.
Explaining growth reduction of stressed trees by correlating
growth with a single physiological process such as photo-
synthesis oversimplifies the causal events involved. Examples
are given of some of the mechanisms by which drought, high
and low temperature, mineral deficiency or excess, and
environmental pollutants reduce growth and injure shade
trees. Arborists can make important contributions in selecting
appropriate species, adequately preparing planting sites, and
imposing cultural practices that will minimize exposure of trees
to stress factors.

When I was invited to speak to you I was asked
to emphasize how and why various environmental
stresses affect growth of shade trees. Perhaps
we should begin by examining what we mean by
stress. Although Webster defines stress as
pressure or strain it is clear that many different
views are held about the meaning of stress. Tattar
(1983) defines stress as a detrimental force or in-
fluence, while Selye (1952) considers stress to
be "a state of non-specific tension in living
matter." Barrett (1981) views stress as "a pertur-
bation (stressor) applied to a system which is
foreign to that system, or natural to that system

but applied at an excessive level (e.g., nitrogen,
phosphorus, or water)." This is consistent with
the view of Perkins (1974) that stress usually in-
volves a specific extreme agent.

The predominant concept of stress is based on
performance, with the tree in a state of stress
when some measure of its performance falls
below par. This encompasses the idea that stress
can be induced by environmental factors which
are either above or below the optimum range (24).
However, stress may also result from competition
between closely grown trees or between trees
and grass. Messenger (1976) emphasized that
shallow lateral roots of trees compete with grass
roots for available water and mineral nutrients.
Bould and Jarrett (1962) reported the growth and
yield of apple trees were reduced largely as a
result of competition between trees and grass
cover crops for nitrogen. Van der Boon et al.
(1963) noted that nitrogen contents of leaves and
yields of apple trees were higher in plots where
the grass sward was broken and maintained in a
cultivated condition as compared to trees growing
on plots with an intact grass sward. Harris (1966)
attributed a decrease in diameter and height growth
of Magnolia grandiflora and Zelkova serrata trees
to established turf. Addition of nitrogen fertilizers
stimulated growth of trees which had turf growing
up to their trunks. It is important for arborists to
distinguish between stressing agents that are part
of the daily normal environment and those impos-
ed by humans or acute events of infrequent oc-

1. Invitation paper presented at the Annual Meeting of the American Society of Consulting Arborists, San Antonio, Texas, November
2, 1984.
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currence. Often several environmental stresses
affect trees simultaneously.

Plant ecologists naturally focus on stress as it
affects communities of plants. Meier (1972)
defined stress as any force that pushes the func-
tioning of a critical subsystem beyond its ability to
restore a relatively stable state of equilibrium.
Regardless of how stress is defined, and
irrespective of the specific stress or stresses in-
volved, the concept as usually employed by
ecologists involved interference with normal
ecosystem functioning. Stress effects are
dramatically obvious after thresholds of tolerance
occur and, beyond those thresholds, recovery of
the ecosystem is difficult (3). Barrett (1981)
views stress ecology as the subdiscipline of
ecology that attempts to characterize and quantify
the impact of foreign perturbation on the structure
and function of ecosystems.

Much too often trees have been simply con-
sidered to be either stressed or unstressed.
Some entomologists and plant pathologists do not
consider trees to be under stress until after they
have responded to attacks by insects or fungi.
Others consider trees to be stressed only after
unfavorable environmental conditions have induc-
ed visible symptoms such as leaf chlorosis,
necrosis, leaf shedding, twig dieback, etc.
However, such trees already were stressed long
before such visible symptoms became apparent.
Hence, I think it very important for arborists to ap-
preciate at the outset that all trees are periodically
stressed to various degrees by many abiotic and
biotic factors. Furthermore, a tree that might be
unstressed or only mildly stressed at a given time
can very shortly thereafter be undergoing severe
stress as, for example, after a few days of high
temperature and low air humidity, or after a day or
two of soil flooding.

To appreciate the persistent nature of en-
vironmental stress on trees one need only
recognize that because of mutual shading of
leaves the interiors of tree crowns are continuous-
ly undergiong shading stress. For example, light
intensity inside the crown of a citrus tree may be
less than 2% or that outside the crown (66). In ap-
ple trees the rate of photosynthesis was three to
four times higher in the outer crown than in the in-
ner crown as a result of differences in mutual

shading of leaves (65). In addition to such persis-
tent stresses additional stresses are periodically
imposed on trees for varying periods. For exam-
ple, water deficits in tree crowns are recurrent
and inevitable, as will be discussed later.

Some stresses predispose trees to the effects
of other stresses. For example, a variety of
dieback and decline diseases of trees are favored
by abiotic stresses such as drought, flooding, ex-
treme heat, mineral deficiency, and air pollution
(76, 78). These diseases usually become evident
after environmental stresses render trees suscep-
tible to organisms of secondary action (32). Most
of the disease damage in nursery and landscape
trees is associated with endemic pathogens that
have been present for considerable time. If the
climatic conditions are favorable and the
pathogens are aggressive they will attack
vigorous trees and cause familiar diseases such
as leaf spots and blights, rusts, and vascular wilts.
However, many other endemic pathogens are not
aggressive and only attack trees of low vigor.
Such pathogens include those causing stem
cankers, diebacks, declines, and some root rots.
Outbreak of these diseases usually means that
the trees were predisposed some time ago by
stress. Exposure of trees to severe or prolonged
stress may increase their susceptibility to disease
at any time. However, stress is especially likely to
induce disease injury in trees shortly after they
have been transplanted or after they reach maturi-
ty and begin to decline in vigor (79).

Several dieback-decline diseases are triggered
by water deficits in trees. Those include
Cytospora canker of poplars (78), Botryospheria
dothidea disease of several species (15), ash
dieback (29, 32), and Endothia gyrosa canker
dieback of pin oak (1, 75). Such diseases are also
favored by biotic agents and, for many species,
insect defoliation is of paramount importance in
initiating the sequential events leading to expres-
sion of decline disease (32).

Dieback of Fraxinus americana is initiated by
drought. Reduced growth of stems and twigs is
followed by death of terminal buds and branches
and by production of small and chlorotic leaves.
Soon after initial symptoms are evident cankers
develop on the branches and main stem. Beech
bark disease is initiated when the beech scale
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(Cryptococcus fagisuga) feeds on the bark. The
mortality that follows a buildup of beech scale
results from invasion of the scale-altered bark by
the canker fungus, Nectrla coccinea var. faginata.
Decline of sugar maple trees often is associated
with effects of deicing salts applied to roads (31)
or low soil fertility (61). Symptoms include ter-
minal dieback, crown deterioration, and produc-
tion of clumps of leaves on sprouts. The root
systems of defoliated trees often are killed by the
shoestring fungus, Armillaria mellea (31). Oak
decline occurs when healthy trees, predisposed
by defoliation, drought, or frost are attacked by
Armillaria mellea and the two-lined chestnut borer,
Agrilus bilineatus. The effects of defoliation are
especially serious when it occurs just after the
trees have leafed out in early summer (when
reserve carbohydrates are at a minimum). If
defoliation stops, even after it occurred for more
than one season, the trees may recover providing
environmental conditions are favorable and trees
have not been heavily invaded in their weakened
condition by "opportunistic" organisms (31).
Defoliation is followed not only by lowered
amounts of photosynthetic products but also by
conversion of reserve starches to glucose and
fructose, which are present in relatively low
amounts in undefoliated trees. These sugars pro-
vide an energy source for growth of organisms of
secondary action such as Armillaria mellea and
Agrilus bilineatus. Defoliation also induces other
biochemical changes which lower resistance of
trees to attack (32).

Physiological Growth Requirements
Knowledge of how healthy trees grow is essen-

tial to understanding how trees are affected by
various stress factors (43). To that end I recall the
prophetic statement of Kramer (1956) that "we
will learn how to grow trees by learning how trees
grow." By this he meant that environmental fac-
tors and cultural practices do not affect tree
growth directly but rather do so by the intermedia-
tion of physiological processes. Thus it cannot be
emphasized too strongly that normal growth of
trees requires favorable balances and rates of
physiological processes. Conversely, growth in-
hibition and death of trees in response to stress,
are preceded by abnormal physiological events.

Throughout its life a tree is supplied by leaves
and roots over increasingly longer distances with
compounds essential for growth, including car-
bohydrates, growth hormones, water, and mineral
nutrients. Hence normal growth requires close
correlation among the physiological processes in-
volved in synthesis or absorption and delivery of
these substances to growing tissues. The
physiological processes important in growth in-
clude absorption of water and mineral nutrients,
photosynthesis, hormone synthesis, respiration,
nitrogen and fat metabolism, synthesis and activity
of a variety of enzymes, transport of various com-
pounds from sites where produced to sites where
they are used in growth, and conversion of foods
to new protoplasm. Growing trees also require a
continuous supply of respiratory energy for syn-
thesizing new protoplasm, maintaining the struc-
ture of membranes, and transporting ions and
molecules across membranes (55).

Carbohydrates. Photosynthesis, a process by
which the energy of light is used by green leaves
to synthesize carbohydrates from carbon dioxide
and water, is essential for tree growth. About
three-fourths of the dry weight of trees consists of
transformed sugars that were produced by
photosynthesis. Hence, growth depends on a rate
of photosynthesis sufficiently high to provide car-
bohydrates to growing tissues. Carbohydrates are
the chief constituents of cell walls, the starting
point for synthesis of fats and proteins, and the
important substrate for respiration. In trees sugars
are converted to starch whenever a high level of
sugar accumulates, and starch is transformed to
sugar when sugar reserves are low and at low
temperature (52).

Trees use both currently produced car-
bohydrates as well as stored reserves in growth.
Large amounts of starch are stored in longitudinal
and ray parenchyma cells of the sapwood.
Seasonal depletion and accumulation of car-
bohydrate reserves are correlated with rates of
tree growth. In most deciduous trees car-
bohydrate reserves decrease sharply during spr-
ing growth to a minimum in early summer and then
increase to an autumn peak followed by a slight
decline during the winter. In conifers car-
bohydrates show less seasonal fluctuation than
do broadleaved trees, and conifers tend to ac-
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cumulate some carbohydrates during the winter
(55).

Hormonal growth regulators. Trees synthesize
several growth hormones which control division,
expansion, and differentiation of cells. Hormonal
growth regulators include such growth promoters
as auxins, gibberellins, cytokinins, and ethylene
as well as growth inhibitors, such as abscisic acid.
Each class of hormones can affect several
aspects of growth. The plant hormones generally
have an influence on growth a long distance from
where they are produced and they affect growth
in very small quantities. They act on enzyme
systems which function in production and control
of proteins, cellulose, and lignins. They also play a
key role in bud and seed dormancy, shoot growth,
cambial growth, and reproductive growth, with
growth processes usually regulated by the com-
bined effects of two or more hormones (55).

In dormant seeds the presence of a
preponderance of a growth inhibitor prevents
many seeds from germinating. Breaking of seed
dormancy occurs following a shift in the balance
of growth promoters over inhibitors. Embryo dor-
mancy of seeds can be broken by exposing them
to low temperatures ("stratification") or even long
days which change the balance of growth hor-
mones in favor of growth promoters over in-
hibitors. Germination of seeds with embryo dor-
mancy can also be stimulated with applied growth-
promoting hormonal compounds. However, not all
seed dormancy can be broken by such treatments
because some seeds fail to germinate if the em-
bryo is immature, the seedcoats are impermeable
to water and/or oxygen, or the seedcoats
mechanically resist expansion of the embryo.

There is considerable similarity between embryo
dormancy of seeds and dormancy of buds. In
nature bud dormancy is broken by sustained ex-
posure to the low temperatures of winter, which
changes the balance of growth hormones in favor
of growth promoters over inhibitors. Once such
physiological dormancy is broken the buds need
exposure to a critically high temperature before
shoots begin to expand. Growth-regulating hor-
mones, especially gibberellins and auxins, play an
important role in elongation of shoots.

Growth hormones also have a central role in
several aspects of cambial growth including divi-

sion of cambial cells to produce wood and bark
tissues, increase in size of cambial derivatives
(wood and bark cells) and thickening of cell walls.
Normal cambial growth is influenced by interac-
tions involving auxins and gibberellins produced in
the leaves and transported downward, cytokinins
produced in the roots, and growth inhibitors and
other substances. Evidence for the crucial
regulatory role of hormones produced in shoots
comes from correlations between bud growth in
the spring and the downward movement of a cam-
bial growth wave, as well as reduction of cambial
growth in defoliated trees, disbudded trees, or
girdled trees. If the inner bark (phloem) is blocked
by a knife cut or injury, cambial growth below the
phloem blockage stops rapidly, largely as a result
of a deficiency of growth hormones (22).
Reproductive growth is also regulated by hor-
monal interactions that control initiation, expan-
sion, and maturation of flowers, fruits and seeds
(55).

Water. Water is essential for growth of trees for
several reasons: 1) It is a primary constitutent of
protoplasm. Water content is high in growing
tissues and may comprise as much as 90% of
their fresh weight; and it is low in non-growing
tissues, 2) water serves as a solvent in which
substances involved in growth (e.g. minerals) are
transported through trees to growing tissues, 3)
water serves as a reagent in photosynthesis and
hydrolytic processes, and 4) water maintains
hydration of tissues and keeps them sufficiently
turgid so cell and tissue enlargement can occur
(55).

Mineral nutrients. Almost every mineral ele-
ment that is present in the soil can be absorbed by
trees, but not all elements are necessary for
growth. A mineral element is considered essential
if plants cannot complete their life cycle without it
and if it is part of a molecule of a necessary plant
constituent. The essentiality of certain mineral
nutrients for growth is shown by their roles as
constitutents of plant tissues (e.g. calcium in cell
walls, magnesium in chlorophyll), catalysts in
chemical reactions, constituents of buffer
systems, and regulators of membrane permeabili-
ty. Nitrogen, phosphorus, potassium, sulfur,
calcium, and magnesium are required in rather
large amounts, at least 1000 ppm. Other
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elements, including iron, manganese, zinc, cop-
per, boron, and chlorine are required in very small
quantities and are toxic if present in large amounts
(55).

Mechanisms of Growth Inhibition by Stress
To understand how growth of trees is affected

by environmental stresses we must account for
growth in length at stem and root tips, diameter
growth by activity of cambial cells, and growth of
reproductive structures. Furthermore, we need to
explain control of such sequential phases of
growth as cell division, cell expansion, and dif-
ferentiation and maturation of cells. For example,
cambial growth involves division of cambial cells
and enlargement of the cambial derivatives. After
the new cells enlarge such processes as secon-
dary wall formation and lignification either continue
or are initiated. During differentiation most cambial
derivatives are altered into specialized elements
found in the wood and bark.

Because change in the rate of tree growth is an
integrated response to physiological changes that
are regulated by many fluctuating and interacting
environmental factors, it is difficult to quantify the
contribution of an individual stress factor to reduc-
tion in growth. Some of the change in the environ-
ment of a tree is continuous and some is cyclic
and the relative importance of individual stress
factors varies over time. Another problem is that it
sometimes is difficult to distinguish between cor-
relation and cause and effect relations of en-
vironmental changes and tree growth. Still another
problem is that the impact of an environmental
stress or its alleviation on growth may not be ap-
parent for a very long time. For example release of
a tree from competition with other trees leads to
increased diameter growth. However, the increas-
ed diameter growth only follows an increase in
crown size and in leaf area which in turn leads to
increased production and downward movement in
stems of carbohydrates and hormonal growth
regulators. Completion of the sequence of
necessary physiological events that lead to ap-
preciable increase in cambial growth in the lower
stem may require more than one year (44).

According to Levitt (1980) a stress may
adversely affect plants in at least three ways: 1)
stress may induce a direct plastic strain. Such

direct stress injury is recognized by the speed of
its appearance. An example is the killing of young
tree leaves by freezing. 2) Stress may induce a
reversible elastic strain which does not injure
plants. Once the stress is removed the plant is
restored to its original physiological state. For ex-
ample, stomata close and the rate of photosyn-
thesis decreases during a drought but they
usually reopen and photosynthesis is restored
when the soil is irrigated. If an elastic strain is
maintained for a long enough time an irreversible
plastic strain may result and injure the plant. 3)
Stress may injure a plant by giving rise to a second
stress. For example, low relative humidity of the
air may produce a leaf water deficit which, in turn,
may injure the plant. Levitt's classification is a
useful introductory guide to mechanisms by which
unfavorable environmental conditions and cultural
practices might affect growth of trees.

Control of growth of both vegetative and
reproductive tissues of a tree involves close in-
terdependency between the crown and root
system. Leaves supply carbohydrates and hor-
monal growth regulators necessary for growth of
all tissues. Roots in turn supply water, mineral
nutrients and certain hormonal growth regulators
essential for growth of both root and crown
tissues.

In addressing the question of how growth is
reduced in trees that are not visibly injured by
stress (e.g. how elastic strains operate) it is impor-
tant to recognize that, over time, several complex
physiological changes occur concurrently or se-
quentially and in the aggregate contribute to
growth changes in stressed trees.

Imposition of an environmental stress on one
part of a tree is transmitted to distant tissues and
organs and eventually decreases growth of the
entire tree (41, 55). For example, cold soil will
decrease absorption of water and mineral
nutrients. Decreased absorption of water will
result in leaf dehydration (since absorption of
water cannot keep up with transpirational loss)
followed by closure of stomatal pores. As stomata
close the diffusion of CO2 into leaves is arrested,
leading to lowered synthesis of carbohydrates
and hormones, and a reduction in downward
translocation of these essential substances to
growing stem and root tissues. This sequence of
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events further decreases root growth which
decreases absorption of water even more, etc.

Much too often the reduction in growth follow-
ing exposure of a tree to stress has been "explain-
ed" by reduced photosynthesis leading to a defi-
ciency of carbohydrates. Actually, the mechanism
of such growth reduction is considerably more
complicated. For example, defoliation of trees by
insects reduces the total amount of carbohydrates
produced by photosynthesis and leads to a
decrease in carbohydrate reserves (69).
However, the decrease in cambial growth follow-
ing defoliation is not traceable entirely to starva-
tion. Accompanying the reduction of available car-
bohydrates by defoliation there is a decrese in
synthesis and downward transport of hormonal
growth regulators from the tree crown. Our ex-
periments showed that girdling of tree stems
rapidly and drastically decreased cambial growth
below the girdles. The reduced growth did not ap-
pear to be caused directly by deficiency of car-
bohydrates by defoliation there is a decrease in
in the form of starch was present below the stem
girdles. Rather it appeared that cambial growth
was arrested by regulatory influences on utiliza-
tion of carbohydrates in growth (22, 23). Such
observations emphasize the importance of a con-
tinuous supply of downwardly translocated hor-
monal growth regulators for cambial growth. It
should also be remembered that in many trees the
rate of cambial growth is rapidly reduced by late-
summer droughts when tree stems have large car-
bohydrate reserves (39). Only about a third of the
extractable carbohydrates of apple trees was
depleted during growth (73). Furthermore cambial
growth can be stimulated by long days even when
the added light is of such low intensity that it does
not appreciably influence the amount of available
carbohydrates (52). Hence there is considerable
evidence of the importance of growth hormones
produced in tree crowns on control of cambial
growth when carbohydrate supplies are ade-
quate.

Responses of Trees to Various Environmental
Stresses

The remainder of this discussion will
characterize certain aspects of the mechanisms
by which drought, temperature, mineral supply,

and environmental pollution decrease growth and
injure trees.

Water deficits. Tree crowns expose a tremen-
dous leaf area to the air and lose a great deal of
water by transpiration. Hence, internal water
deficits occur very commonly in trees and
adversely affect their growth (47). Water deficits
are controlled by relative rates of loss of water
vapor from leaves (transpiration) and absorption of
water through the roots. During the daytime more
water is lost in transpiration than is replaced by ab-
sorption. Therefore, leaves tend to become
dehydrated during the day, especially on hot sun-
ny days. During the night, however, both
transpiration and absorption are low but the rate of
absorption is higher than the rate of transpiration
so trees tend to refill with water. The rate of ab-
sorption of water by roots during the day lags
behind transpiration even if the soil is well
watered. Such an absorption lag is the result of
resistance to water movement in various parts of
its pathway from the soil through the tree and into
the air. For example, some resistance to move-
ment of water occurs in the soil and in roots,
stems, and leaves.

Internal water deficits in trees may result from
excessive transpiration or slow absorption of
water from dry, cold, or poorly aerated soil or,
more commonly, from a combination of both.
Transpiration is largely controlled by atmospheric
factors (primarily light, humidity, temperature, and
wind) as well as by the structure of leaves and
opening and closing of stomatal pores. Absorption
of water is controlled by the rate of water loss by
leaves, size and distribution of the root system,
and various soil factors (primarily soil water
availabilty, temperature, concentration of the soil
solution, aeration, etc.). Temporary wilting of
leaves in the afternoon sometimes occurs
because of excessive transpiration. This is not
serious if the soil is well-watered because the
leaves usually rehydrate at night (when transpira-
tion is low and absorption of water is somewhat
higher). When soils being to dry out however,
temporary wilting of leaves tends to become more
permanent because leaves are less likely to
recover turgidity at night (55).

As a drought develops, leaf cells progressively
dehydrate and the reduced turgor of leaf cells in-
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hibits cell expansion. At the same time the
stomata close, thereby reducing the rate of
photosynthesis by impeding absorption of CO2

through stomatal pores. Changes in hormonal
growth regulators occur also. If drought is pro-
longed the reduced transport of carbohydrates
and hormonal growth regulators from leaves to
roots will reduce root growth which will decrease
absorption of water and mineral nutrients.

The most important initial cause of death of
transplanted trees is drying out of leaves. Ex-
posure of bare-rooted trees to drying for even
short periods may rapidly cause severe water
stresses in trees, resulting in reduced growth and
mortality (50, 51). Even after transplanted trees
are reset in the ground, excessive transpirational
water loss occurs because roots often grow too
slowly to absorb enough water to keep up with
transpirational losses. Trees that survive
transplanting may show growth reduction for
several years.

Winter Dehydration Injury. Much winter injury of
evergreens occurs because of drying out of leaves
rather than by direct thermal effects. Because the
soil is cold or frozen the rate of absorption of
water by roots is much too slow to replace water
losses by leaves in transpiration. Hence the
leaves become dehydrated and often scorched
(47). Usually the leaves are killed and eventually
shed while the buds survive. Winter dehydration
of leaves is one of the most important factors that
limit the range of conifers (47, 48, 77, 85).

Effects of Water Deficits on Physiological
Processes and Growth

Stomatal aperture. Stomata are very sensitive to
water stress and tend to close during relatively
early stages of leaf dehydration, often long before
visible wilting of leaves is evident. When water-
stressed trees are irrigated the closed stomata
sometimes open slowly and some may not open at
all even after leaf turgor is restored (18).

Photosynthesis. Much interest has been shown
in effects of water supply on photosynthesis of
trees. The rate of photosynthesis begins to
decrease when leaves are only slightly
dehydrated and continues to decline during a pro-
longed drought until the rate becomes negligible.
Photosynthesis is reduced early during a drought

because stomatal closure reduces CO2 diffusion
into leaves. As the leaves become more severely
dehydrated the photosynthetic process is in-
hibited through adverse effects on chloroplast ac-
tivity. In the long term, total photosynthesis is also
reduced because of inhibition of leaf formation
and expansion and also because of shedding of
leaves. Drought induces leaf abscission in some
trees following changes in balances of growth hor-
mones and synthesis of enzymes that hydrolyze
the middle lamella between cells of the abscission
layer. In other trees the leaves simply dehydrate
and wither as a drought intensifies (44).

Growth. Shoot growth is reduced by the effects
of water deficits on bud formation, internode
elongation, and on initiation and expansion of
leaves (12, 87). Most of the reduced leaf area as
a result of drought has been linked to slowing of
cell expansion. Enlargement of leaf cells depends
on cell turgor and is very sensitive to dehydration.
Water deficits that are too mild to close stomata
and reduce the rate of photosynthesis often inhibit
cell expansion (33). In many species cell expan-
sion is so sensitive to water deficits that leaves ex-
pand only during the night when water loss from
leaves by transpiration is negligible (10).

Division of cambial cells to produce wood and
bark cells, as well as enlargement and differentia-
tion of cambial derivatives, are regulated by water
supply. The number of wood cells produced,
seasonal duration of production of wood cells, the
time of initiation of latewood (summerwood), and
duration of latewood production are regulated by
the internal water balance of trees. Trees often
respond to drought by slowing production of
wood cells, but cambial activity readily resumes
after a rain (88). Water deficits not only decrease
the number of wood cells formed but also inhibit
cell expansion.

Water deficits affect cambial growth both direct-
ly and indirectly. Water deficits may directly inhibit
cambial activity when cell turgor is low enough to
prevent hormonal growth regulators from acting.
During a drought, growth may be reduced in-
directly through decreased synthesis and
downward transport in the stem of hormonal
growth regulators (47, 88).

The slowing of root growth during a dry period
and growth acceleration after a rain are well
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known. Soil water deficits reduce the rate of root
elongation, root branching, and root thickening. In
addition roots growing in dry soil often become
suberized to their tips, resulting in reduced
capacity for absorption of water. On dry sites the
growth of roots often is limited to the depth to
which the soil is wetted.

Production of fruits and seeds can be arrested
by drought at any stage of reproductive growth,
including flower bud initiation, opening of flowers,
pollination, fertilization, embryo growth, or fruit
and seed enlargement. The importance of water
to reproductive growth has been shown by cor-
relation of rainfall with flowering and fruiting and by
irrigation studies. The effects of irrigation vary
with the amount and distribution of rainfall, extent
of internal water deficit, stage of reproductive
growth, soil type, tree species, weather condi-
tions, and amount and timing of irrigation (47, 55).

Drought Tolerance
Some trees survive drought better than others

do. Drought tolerance of trees varies primarily
because of differences in adaptations for drought
avoidance and, less importantly, because of varia-
tions in capacity to withstand protoplasmic
dehydration. Adaptations for drought avoidance
may be present in leaves, roots, or stems. The
most important leaf adaptations include small or
few leaves; small, few, or sunken stomata; rapid
stomatal closure during drought; and heavy wax
deposition on leaf surfaces. All of these prevent
excessive water loss. Deep rooting and extensive
root branching to produce a high root-shoot ratio
contribute to drought tolerance by allowing for
high rates of absorption of water to replace the
water that is lost by transpiration (42).

Temperature Stress
Growth of most trees is optimal in the range of

20-35 °C, depending on species. At higher or
lower temperatures the rate of growth declines,
with the effect mediated by altered carbohydrate,
hormone, water, and mineral relations. Trees
often are injured at very high or very low
temperatures (48).

Freezing injury. Spring and autumn frosts may
injure trees, with the extent of injury varying with
the degree of cold hardiness in affected tissues at

the time of the freeze and with the duration of the
freezing temperature. Susceptibility to stem
canker fungi increases greatly at levels of freezing
that do not damage tissues in the absence of
pathogens (79). Much injury is caused by low
temperatures in the spring following a period of
mild weather during which trees begin to grow. A
common response to freezing is killing of shoots,
especially those of late-season growth flushes
that did not have time to harden. Freezing during
the growing season may also injure the cambium
to produce "frost rings" which sometimes resem-
ble annual rings. However, frost rings can be iden-
tified microscopically by abnormally developed
wood cells and displaced wood rays. Frost rings
are more common in small twigs than in large
branches or the main stem. They also occur more
frequently in trees with thin bark than in those with
thick bark. Alternate freezing and thawing
sometimes induce frost cracks or sunscald on
tree stems. Sunscald lesions not only become
sites for entry of fungi and insects but also injure
the inner bark and block transport of carbo-
hydrates and growth hormones. Freezing
temperatures also kill roots, especially the small,
physiologically important ones. Another response
is frost heaving when roots became frozen in a
block of ice and more ice forms below. Frost-
heaved seedlings often die as their exposed roots
become dehydrated (55.)

Cold hardiness. Many trees can survive low
winter temperatures without injury but the same
trees are killed if they are exposed to
temperatures only a few degrees below 0°C in
the middle of the summer. Trees such as tremb-
ling aspen and white birch may resist freezing in
midwinter to - 8 0 ° C , but southern pines and
magnolias develop winter hardiness down to only
- 1 5 ° C . There is also considerable difference in
cold hardiness of different organs and tissues on
the same tree. Roots normally are very sensitive
to cold in the winter. Vegetative buds that begin to
open in the spring are especially susceptible to
freezing. Severe winters may wipe out a fruit or
seed crop because flower buds and conelets are
very susceptible to frost injury.

Cold hardiness of temperate-zone trees
develops each year in three sequential stages.
The first stage, which begins before the first frost,
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involves metabolic changes that condition the tree
to respond to low temperatures during the second
stage of acclimation. Whereas the first stage is in-
duced by shortening days, the second is trig-
gered by the first frost. The third stage is induced
by very low temperatures (85).

Several internal changes are involved in
development of frost hardiness. In most species
sugars accumulate in the autumn as trees become
frost hardy and they decrease in the spring as
cold hardiness is lost. The sugars may increase
cold hardiness by (1) depressing the freezing
point, (2) accumulating in cell vacuoles and
decreasing the amount of ice formed and, hence,
decreasing cell dehydration and (3) inducing
various "protective changes" which are not too-
well understood (59). Another important change
during development of cold hardiness is an in-
crease in water soluble proteins. Changes in
these proteins may involve an increase in water-
binding proteins that may decrease free water in
cells, rendering formation of ice in cells less likely
(55).

Most cold-hardy trees survive very low
temperatures in a frozen condition but a few avoid
freezing by undergoing deep undercooling.
Freezing injury may result from direct freezing of
cell contents, or indirectly when cells are
dehydrated as a result of extracellular freezing.
Leaves usually are killed when ice crystals form
within cells, but they may survive if the ice crystals
form in intercellular spaces. When plants that have
been frost-hardened are cooled slowly, ice forms
first in intercellular spaces and water moves out of
cells to the ice nuclei. Hence the concentration of
the cell sap is increased and its freezing point is
lowered. When cold-hardened leaves are cooled
very rapidly they may be injured, partly because
water is not extracted from cells fast enough to
prevent formation of ice crystals within cells. Ac-
cording to Levitt (1980), most freezing injury in
plants results from dehydration of cells.

Growth. Many investigators have noted varia-
tions in vegetative and reproductive growth as the
temperature was altered. For example, height
growth of trees decreases with increase in
altitude, reflecting an inhibitory effect on the rate
of growth and on the seasonal duration of growth
(48).

Temperature influences wood production
through its effects on seasonal initiation of cambial
growth and on its rate and duration (39). The
seasonal duration of cambial growth varies greatly
with latitude. Near Hudson Bay, Canada, cambial
growth of Norway spruce lasted for two months;
(62); at Chalk River, Ontario for three months
(25). In the southern United States cambial
growth of conifers may continue for six to eight
months, and in the tropics may occur throughout
the year.

Low soil temperature inhibits both root initiation
and growth of existing roots. Roots begin to grow
shortly after the soil becomes frost-free in the
spring. Root growth of trees may occur during
each month of the year in the southern states.

Temperature regulates yield of seeds and fruits
by influencing floral initiation, bud dormancy,
opening of flowers, fruit set, and growth of fruits.
The southward extension of northern trees often is
limited because in some years winter tempera-
tures are not low enough to induce breaking of
bud dormancy (55).

Low soil temperatures decrease absorption of
water by increasing the resistance to water move-
ment across living root cells. A decreased rate of
root growth and metabolism also result in lowered
absorption of water. Low soil temperature
reduces both passive and active uptake of
minerals (55).

High temperature. High temperatures often
reduce growth and injure trees. Direct injury,
which usually is caused by temperatures of 45 °C
or higher, involves a very rapid tree response. In-
direct injury, caused by temperatures in the range
of 15 to 40° C may not be evident for days after
exposure to the high temperature.

Examples of direct heat injury include stem le-
sions such as "sunscald" or "bark scorch" caus-
ed by drying of the inner bark and cambium, stem
lesions of seedlings at the soil line, and lesions on
some fleshy fruits. Sunscalded tissues often are
colonized by stem canker organisms. Direct injury
may be caused by protein denaturation, injury to
cell menbranes, and lipid liquefaction (59).

Several mechanisms may be involved in indirect
heat injury, the rate of photosynthesis increases
with rising temperature but, at a critically high
temperature, the rate levels off while the rate of
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respiration continues to increase. This leads to
depletion of carbohydrate reserves. Sometimes
indirect heat injury is associated with formation of
toxic compounds and breakdown of proteins (59).
Leaf scorching and shedding associated with hot,
dry winds often are traceable to high rates of
transpiration and dehydration of leaves (42, 47).

Mineral Stress
Either a deficiency or excess of mineral

nutrients may adversely affect tree growth. The
most obvious early effect of mineral deficiency is
yellowing of leaves (chlorosis), reflecting reduced
chlorophyll synthesis. Leaves are very sensitive
indicators of mineral deficiency, tending to be
small and pale in color. They may develop dead
areas of tissue at their tips, or between major
veins. Deficiency symptoms of elements that are
relatively immobile in plants (iron, manganese,
boron, and calcium) appear first in the younger
leaves. In contrast, deficiency symptoms of
mobile elements (nitrogen, phosphorus,
potassium, magnesium) appear first in the older
leaves.

Mineral deficiencies lead to chlorosis, reduced
photosynthesis and hormone synthesis, as well as
death of leaves, shoots, and other tissues.
However, because of various interactions and
feedback responses, it often is difficult to ascer-
tain how a deficiency of a particular mineral ele-
ment produces an observed effect. For example,
nitrogen deficiency may reduce growth because
of a lack of nitrogen for synthesis of protoplasm,
but there is also an associated reduction in syn-
thesis of enzymes and chlorophyll as well as a
reduction in the leaf area. Hence the rate of
photosynthesis is reduced, lowering the supply of
carbohydrates available for growth. A single
mineral element often has several roles in plants,
and it often is difficult to determine which role or
combination of roles accounts for the observed
symptoms (55).

Addition of too much fertilizer sometimes
causes injury or decreases growth of trees. A high
concentration of salts in the soil may increase the
osmotic pressure of the soil solution sufficiently to
reduce absorption of water, increase leaf water
deficits, and injure tissues by dehydration when

the rate of transpiration is high. As mentioned,
severe dehydration of leaves closes stomata and
reduces photosynthesis. Furthermore, high salt
concentrations in the soil may injure young feeder
roots by extracting water from them. This is
especially likely for roots of trees growing on san-
dy soils. The amount of root injury caused by too
much fertilizer depends on species, type and
amount of fertilizer, and time of application (55).

Environmental Pollution
In the immediate and foreseeable future arborists

will need to be very concerned about the effects
of environmental pollution on shade trees. Not
only is accumulation of pollutants greatest where
there is the highest concentration of people and
industry but emission of some air pollutants is
increasing at an alarming rate. Postel (1984) com-
piled data from various sources which indicate
that we may continue to expect large increases in
sulfur dioxide and nitrogen oxides which are
among the most phytotoxic pollutants known.

Trees are adversely affected by a wide variety
of environmental pollutants. Among the most
important of these are sulfur dioxide (SO2), ozone
(03), fluorides (F), oxides of nitrogen (NOX), par-
ticulates (including cement kiln dusts and foundry
dusts), heavy metals, salt spray, deicing salts, and
such applied biocides as herbicides, fungicides,
insecticides, and antitranspirants. Trees
themselves produce some toxic compounds
(allelochems) which inhibit seed germination and
growth of neighboring plants. For example, black
walnut roots produce juglone, a phytotoxic com-
pound (74).

Acute injury usually becomes evident after rapid
absorption of high concentrations of gaseous air
pollutants. Chronic injury, which follows absorp-
tion of low concentrations of air pollutants for a
long time, usually causes chlorosis and leaf
senescence. In conifer needles, tipburn is caused
by high concentrations of pollutants, and chlorosis
by low concentrations. Air pollutants may also in-
jure fruits (8). Pollutants not only injure trees but
also influence their metabolism and reduce their
growth without causing visible injury.

Air pollutants inhibit various aspects of tree
growth, including height growth (13) and cambial
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growth (7). Cambial growth may be reduced
without visible leaf injury (37). Pollutants also
lower the rate of dry weight increase of leaves,
stems, and roots (81), and may decrease both the
yield and quality of flowers, fruits, and seeds (82).

The responses of trees to pollutants vary great-
ly with tree species and cultivars, pollutant
dosage, type and combinations of pollutants, age
of trees, environmental factors, and interactions
of pollutants with plant diseases and insects (45,
46, 49).

Conifers usually are more susceptible than
broadleaved trees to air pollutants. Differences
among species, clones and cultivars in pollution
tolerance reflect variations in capacity for
avoidance of uptake of pollutants or in biochemical
tolerance of pollutants, with the former much more
important. Inasmuch as gaseous air pollutants
cause injury after they enter leaves through
stomatal pores, such characteristics as small and
few stomata decrease the amount of pollutant ab-
sorbed. More SO2 was absorbed by Fraxinus
americana seedlings, with large stomata, than by
Acer saccharum seedlings with small stomata
(34). Betula nigra seedlings absorbed more SO2

and were injured more than Betula papyrifera
seedlings, further emphasizing the importance of
stomatal characteristics in pollution tolerance.
Stomatal sizes of California species and shrubs
provided a good index of SO2 uptake and
tolerance (86).

Only rarely are trees affected by a single
polluting substance. Rather they are influenced by
two or more pollutants at the same time. Usually
the harmful effects of combined pollutants are
greater than the effects of a single pollutant.

Young seedlings are more susceptible than old
seedlings or mature trees to a given dosage of an
air pollutant. Seedlings in the cotyledon stage are
particularly susceptible (14). In mature trees sen-
sitivity to pollutants varies with leaf age. For exam-
ple, the younger fully expanded leaves and those
near full expansion are more sensitive to SO2 than
old leaves, and small, expanding leaves are least
sensitive.

The effect of a pollutant is greatly influenced by
environmental regimes during as well as before
and after a pollution episode. The effects of light
intensity, temperature, soil moisture, and relative

humidity, all of which influence stomatal opening
and closing, affect the amount of gaseous air
pollutants absorbed and, therefore, influence in-
jury and growth responses (45, 59). By inducing
stomatal closure, flooding of soil may decrease
absorption of pollutants (68).

Mechanisms of Pollution Effects
The adverse effects of environmental pollutants

are very complex and may involve changes in
food, water, mineral, and hormone relations (67).
Pollutants variously affect chlorophyll synthesis
and breakdown, photosynthesis, hormone rela-
tions, membrane permeability, carbohydrate and
protein reserves, and activity of enzymes. The
necrosis, flecking, and bronzing of leaves that
follow absorption of gaseous air pollutants are
associated with loss of water from cells and ef-
fects of altered water relations on cell metabolism
(28). Pollutants may first affect leaf tissues and
later influence trees through changes in the soil
such as leaching of mineral nutrients, accumula-
tion of heavy metals, and mobilization of aluminum
which is phytotoxic. It is not possible to explain in
terms of a single central mechanism the way in
which phytotoxic pollutants reduce growth and in-
jure trees because of the different effects of the
many chemically diverse compounds involved, the
influence of many interacting environmental fac-
tors on the impact of pollutants, and variations in
pollution tolerance of different tree species,
clones, and cultivars (45, 46, 49).

Much attention has been given to the effects of
pollution on photosynthesis. Many different
pollutants variously reduce the rate of photosyn-
thesis, including SO2 (38), 0 3 (5), fluorides (36),
cement and coal dusts (2), and heavy metals (11,
56, 57). Agricultural biocides that reduce the rate
of photosynthesis include some insecticides (4),
and fungicides (55), herbicides (55), and an-
titranspirants (16). Occlusion of stomatal pores by
some film-type antitranspirants often is followed
by leaf chlorosis, necrosis, and reduction in tree
growth (1 9, 58). Pollutants may alter the rate of
photosynthesis by changing stomatal aperture
and clogging of stomata (thus reducing CO2 ab-
sorption by leaves), changing optical properties of
leaves, changing the heat balance of leaves, caus-
ing destruction of chlorophyll, and changing the
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activity of enzymes involved in photosynthesis.
Total photosynthesis often is lowered by reduced
leaf growth as well as necrosis and shedding of
leaves (55).

More than one mechanism is also involved in ef-
fects of pollutants on reproductive growth. Often
the yield of fruits and seeds is decreased after a
reduction in physiological efficiency of the leaves.
Reproductive growth may also be reduced by ef-
fects of pollutants on flowering and fruiting and by
direct injury to reproductive structures. For exam-
ple, air pollutants inhibit pollen germination and
growth of the pollen tube (35). Some air pollutants
are also toxic to pollinating insects (8).

Conclusions
Not only are urban trees grown in areas with

restricted root and crown space, but they are also
subjected to changes in water tables and injury
through construction activities. Furthermore they
often are exposed to the harmful effects of herbi-
cides, deicing salts, and increasing amounts of air
pollutants. In order to grow trees successfully in
such artificial and hostile environments, the ar-
borist will require knowledge about the processes
involved in tree growth and the environmental
stresses that control those processes. Such infor-
mation will increase his ability to skillfully alter and
manipulate the environment in order to assure that
physiological processes of trees will be favorably
coordinated throughout their development. In
meeting these challenges the arborist should give
primary attention to selection of trees most likely
to survive local stresses, as well as to site im-
provement and use of cultural practices that will
alleviate environmental stresses long before they
become severe.

Natural selection has tended to produce popula-
tions of trees adapted to the environmental condi-
tions in which they have evolved. Arborists can
avoid harmful effects of environmental stresses by
giving careful attention to the origin of planting
stock for specific sites, especially periodically dry
or cold ones. For species with extensive north-
south ranges, trees from southern seed sources
tend to grow faster, leaf out later in the spring, and
continue shoot growth later into the autumn. They
also are less frost tolerant. These trends largely
reflect adaptations to cold and warm regions;

hence it is always wise to use trees of native stock
growing as near as possible to the planting site.
The U.S. Forest Service recommends that, if
possible, planting stock should be produced from
seed collected within 100 miles horizontally and
1000 feet vertically of a planting site.

The arborist must be constantly alert to the ex-
treme sensitivity of urban trees to a variety of
abiotic and biotic stresses. Whereas control
measures for tree diseases caused by primary,
highly pathogenic fungi should be directed at the
pathogen, those for dieback-decline diseases
should emphasize prevention of predisposing
stress factors. When insects are primary
predisposing factors the use of insecticides can
decrease infestations. The effects of predispos-
ing environmental stresses can be prevented or
alleviated by judicious irrigation, application of fer-
tilizer, reducing competition from sod by mulching
over the root zone, avoiding soil compaction by
covering walkways with wood chips or other
mulches, pruning of tree crowns during droughts,
and removing weak or dead branches to promote
wound healing and reduction of decay (27, 30,
3 1 , 71).

The arborist should be aware that trees can
quickly change from a non-stressed to a stressed
condition. In particular, transplanted trees often
undergo a sudden, massive physiological shock.
This is because the roots of transplants do not
grow fast enough to absorb water in sufficient
amounts to keep up with transpirational water
losses. The water relations of transplants can be
improved by careful selection of trees and root
pruning in the nursery long before the transplant-
ing process. Root pruning stimulates root branch-
ing and production of many small absorbing roots.
Hence, root pruning eventually leads to efficient
absorption of water by transplanted trees. Other
useful techniques include transplanting broadleav-
ed trees in a leafless condition if possible,
transplanting under appropriate environmental
conditions, maintaining favorable crown-root
ratios, judiciously using antitranspirants, lifting
trees from the nursery when they are still dor-
mant, selecting healthy trees with a high potential
for root growth, proper handling of planting stock,
and very careful supervision of transplanting and
post-transplanting practices (27, 30, 41 , 50,
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51).
The impacts of air pollutants are likely to

become increasingly important. Despite many ef-
forts to control pollution, the amount of SOg in the
air is expected to increase because of greater use
of highly polluting fuels. The Environmental Pro-
tection Agency (1978) predicted that overall
emissions of sulfur oxides would be 10% higher in
1990 than in 1 975. In some regions the amounts
released will be even higher. For example, based
on emission regulations in force in 1978, Lincoln
and Rubin (1980) estimated that release of SO2 in
1990 in the northeastern states may increase by
as much as 60% over 1975 levels. And even if
emission regulations for new industrial facilities
become more stringent, the increase in SO2 was
projected as near 24%. This means that in select-
ing trees for a given site, arborists will need to give
much more attention to pollution tolerance of trees
and proportionally less to some other desirable
characteristics. Several published lists of
tolerance of trees to individual air pollutants are
available (see, for example, 20). These can be
used to much greater advantage than they have in
the past.
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ABSTRACTS

GREY, G.W. 1984. Painless shrub pruning. Am. Forests 90(5): 13-16.

There are nine things you need to know before you prune: 1) what it is, 2) the difference between prun-
ing and shearing, 3) why you want to prune it, 4) what nature intends it to look like, 5) when it leafs,
blooms, and fruits, 6) when to prune it, 7) how it will respond to pruning, 8) how to prune, and 9) when to
remove it.

SHIGO, A.L. 1984. Tree decay and pruning. Arboricultural Journal 8: 1-12.

The major aims of pruning for amenity trees have been to control growth and maintain desired shapes. It
is possible to prune in such a way that no more decay will develop than develops normally when branches
are shed. Proper pruning techniques will come from a better understanding of trees. Trees repond to in-
juries and infections by setting boundaries to resist the spread of microorganisms. The boundaries also
resist the spread of microorganisms from dying branches into the joining stem. Pruning cuts should not be
made behind the branch bark ridge. Such cuts remove the protective boundaries, allowing microorganisms
to spread rapidly into the system. When branches are pruned properly, there is no need for wound dress-
ings. When branches are pruned improperly, no amount or type of wound dressing will help.


