tenance of human diversity should be
a paramount aim. As long as our brave
new world presents an abundance of
choices and as long as we have freedom
to choose, so long will human intelli-
gence based upon genetic diversity re-
main a primary requirement.
Intelligence without integrity will
fail. Roderick Seidenberg, in a later
book, Anatomy of the Future (10),
puts it well. ¢, . . The means rather than
the ends of life are in our command.”
Man requires a challenge and a quest
if he is to avoid boredom. The Golden
Age toward which we move will soon
look tawdry if we no longer see end-
less horizons. We must, then, seek a
change within man himself. As he

‘acquires more fully the power to con-

trol his own genotype and to direct
the course of his own evolution, he
must produce a Man who can transcend
his present nature. The Erect Ape-Man
had little vision of the power that his
20th-century descendant would wield
in really so short a span of evolutionary
time. For the Erect Ape-Man a club
was the acme of power. Even so, if
Man can avoid the ultimate follies
which our present powers have be-
stowed upon us, and can survive a few
centuries more, we today can little per-
ceive what he may be. Perhaps the
Golden Age of no progress will be but
a passing phase and history may re-
sume. We can only hope.

Dormancy of Trees in Winter

Photoperiod is only one of the variables which interact

to control leaf fall and other dormancy phenomena.

Dormancy phenomena in trees in-
clude the yearly loss and renewal of
leaves which provide both the scientist
and the layman with a fascinating
pageant of brilliant colors in the fall
and a sequence of delicate green tracer-
ies in the spring. The leafless tree in
winter is commonly said to be in a con-
dition of rest or dormancy; lack of ap-
parent growth and resistance to injury
by cold are characteristics of this pe-
riod.

Careful observations reveal that “dor-
mancy” involves many unsynchronized
phenomena. Terminal buds are formed
2 or more months before active growth
in diameter ceases and leaves fall. Leaf
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primordia are formed inside terminal
buds during late summer and early fall.
Bud scales can grow minutely during
every winter month. Roots can grow
whenever soil temperature and moisture
content are high enough. Photosyn-
thesis, respiration, transpiration, and
other physiological activities continue
year-round.

The transitions from a phase of ac-
tive growth in the early summer to a
phase of quiescence to a phase of
winter rest, and back to a phase of
active growth in the spring are grad-
ual. Different species and different gen-
otypes within species vary in their dor-
mancy phenomena. All of the above
facts combine to make the task of de-
fining when a plant is in a dormant
state or in a state of active growth just
as difficult and just as arbitrary as de-
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fining whether an organism is dead or
alive. Cautious specialists avoid mak-
ing a highly restrictive definition for
the term dormancy. However, same
definitions are necessary for intelligent
discussion of a subject; for the purpose
of this review, a dormant plant is de-
fined as having two attributes: (i) a
period of markedly reduced growth rate
with few, or in some cases no, cell di-
visions in the terminal and lateral
meristems of the plant and (ii) a winter
chilling requirement. Even when ex-
posed to an environment which favors
active growth, a dormant plant is un-
able to renew promptly active growth
without exposure to winter cold, chill-
ing, or other special treatments. Not
all authors define dormancy in the same
way.

Dormancy can be induced and brok-
en both naturally and artificially by a
variety of agents that range from con-
trolled photoperiods and winter cold
to urine and gibberellic acid; these
various agents evidently act to turn
some genes on and turn others off. The
understanding of dormancy in plants
promises to aid in understanding more
general mechanisms of genetic control
of growth and development. A Pan-
dora’s box of over 2000 references re-
lated to dormancy and growth sub-
stances is opened by reading a selection
of review papers (/-7). Indeed, the
maze of conflicting observations and
reviews concerning dormancy and the
related field of plant hormones and

. growth substances is overwhelming.

This article attempts to review the
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existing knowledge of winter dormancy
in trees. Dormancy in seeds, bulbs,
tubers, and insects is not discussed al-
though there is excellent reason to be-
lieve that several of the control mecha-
nisms involved in the dormancy of
these life forms are at least homolo-
gous to those in trees. The number of
references cited has been deliberately
restricted.

Growth and Dormancy Sequence

What follows is a general description
of the cycle of growth and dormancy
for a typical tree from the northeastern
United States. This description can
serve as a basis for comparison of the
various patterns of dormancy phe-
nomena in particular species and geno-
types of a given species.

Healthy, open-grown trees in the
northeastern United States increase
in height 5 to 15 cm per week during
the month of June and early July.
Eighty to ninety percent of a tree’s
growth in diameter occurs during this
period with additional increments still
being made as late as the middle of Au-
gust. Some species such as white pine
and red oak have all of their leaves pre-
formed in the buds of the previous
year. Growth in height and expansion
of these preformed leaves are often
completed by the end of June. Other
species (such as maples, poplars, and
birches) are less determinate in their
growth habits and continue to grow in
height and form new leaves until the
middle of August. Regardless of the
species, active growth and formation
of new leaves ceases long before there
is danger of frost; cellulose formation
is slowed and lignin formation is accel-
erated. Fats and starches accumulate in
the storage tissues of the plant. The
buds grow and assume their winter
form. Leaf primordia for the next
growing season are formed and the
apical meristem forms a characteristic
domed shape. This period of imper-
ceptible growth marks the beginning of
dormancy or early rest. Active vege-
tative growth may be artificially re-
newed during this period (August) by
treatment with long photoperiods
(short nights) or treatment with ex-
cess nitrogen fertilizer, or various
shock treatments such as defoliation,
severe pruning, or flooding. However,
under natural circumstances, with the
shortening photoperiods of late sum-
mer and nights that are either too hot

30

or too cold, the trees continue to make
known and wunknown physiological
changes until they reach a state of true
winter rest or dormancy; the leaves are
still healthy and green and are still
actively able to conduct photosynthesis,
and the tree is now able to withstand
brief mild freezing (—5° to —10°C),
without injury to the leaves, twigs,
or buds, but it cannot resume active
growth when exposed to a regime of
longer photoperiods and favorable tem-
peratures.

Finally, as the night temperatures
fall progressively lower, cellulase and
pectinases are formed in the abscission
zone at the base of the leaf stalk
(petiole), and these enzymes begin to
digest the cell walls of the abscission
zones.
breaks down, anthocyanins and other
phenols accumulate in the leaves, and
the beautiful colors of fall become ap-
parent. Some minerals are transferred
to the permanent organs of the tree
and the leaves fall. In mild years, the
leaves often fall several weeks before
there is any Kkilling frost. The tree has
then (October to November) com-
pleted its preparation for winter and is
capable of withstanding the combina-
tion of dry winter air, frozen ground
(from which the tree cannot obtain
sufficient water), and temperatures of
—50°C or lower. The tree remains in a
state of winter rest until it has been
exposed to a period of cold weather.
The amount of cold or chilling re-
quired varies with the genotype and the
weather of the preceding season.
Freezing temperatures are not re-
quired for meeting the chilling require-
ment. Temperatures near 5°C are most
effective. More hours of chilling are re-
quired for temperatures greater than or
lower than this optimum. Temperatures
near 0° or above 10°C are not effective
in meeting the chilling requirement and
high temperatures negate the effects of
previous chilling so that the tree sinks
into a deeper condition of rest (8, 9).
Most of the chilling requirement is met
by the end of December, then trees
transferred to a warm greenhouse will
slowly break dormancy and expand
their leaves and renew growth, Addi-
tional exposure to cold in January and
February will accelerate the renewal of
growth after trees are moved into a
greenhouse. The transitions from the
reversible state of imperceptible growth
to the state of “true winter rest” to the
state in which the plant is capable of
renewed vegetative growth are gradual.

The chlorophyll of the leaf -

However, plant physiologists arbitrarily
recognize at least three phases of
dormancy: early rest, true rest (winter
rest), and after-rest. [See (4) for de-
tails on the history of the terminology
of dormancy.] During the period of
after-rest, the buds of some species, like
red maple, open, and flowers emerge,
and pollination is completed before
leaf expansion and renewal of active
vegetative growth. In other species
these events tend to occur simultane-
ously.

After the winter chilling requirement
has been met, the trees must be exposed
to a minimum number of hours of tem-
peratures near 25°C before they ex-
pand new leaves and renew active
growth. For elms near Chicago this
warm temperature requirement amounts
to approximately 310 hours at 25°C
and temperatures below 10° and above
30°C are ineffective (8). During the
periods of winter rest and after-rest
the plant is making a series of physio-
logical changes similar to those which
seed physiologists call after-ripening.
Finally, after the exposure to warm
temperatures, the leaves emerge from
the buds and the terminal and lateral
growth of the next year is begun.

Conifers and other evergreen species
follow a cyclic pattern of growth and
dormancy similar to the one just de-
scribed. Although they retain most of
their leaves and needles for a full year
or more, they go dormant in late sum-
mer and have a winter chilling require-
ment. Deviations from this generalized
description of growth and dormancy
cycles are the rule and not the excep-
tion. The relative and absolute timing
of flowering, development of leaves or
needles, renewed growth in diameter
and height varies for different races
of the same species and between species
of diverse wood anatomy: ring porous
(such as oaks, ash, and locust); diffuse
porous (like poplar, maple, and birch);
coniferous (like pine, spruce, hemlock,
and larch) (4, 10, 11).

Environmental Factors and

Early Dormancy

Plants grown near street lights (or
in other locations where the photo-
period is artificially prolonged, or where
the dark period is interrupted) continue
to grow and form new leaves later than
plants not so exposed. The renewal of
active growth and leaf formation in
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response to prolonged daylengths or
interrupted dark periods has been re-
peatedly demonstrated for a vast array
of perennial plant species (6, 12, 13).
The assumption that cessation of
growth and development of dormancy
are primarily instigated in response to
the shortening photoperiods of late
summer and early fall is based on such
observations.

Photoperiod is doubtless a key agenf
in controlling the cessation of growth
and the development of dormancy.
However, there are many reports which
suggest that the photoperiodic control
of development of dormancy can be by-
passed or overridden by temperature,
light intensity during the photoperiod,
concentration of nutrients in the cul-
ture medium, soil moisture supply, and
shock treatments.

Tree seedlings often continue growth
in height through September, whereas
older plants may cease growth in early
July. Growth in height of some species
is apparently insensitive to photoperiod
at any stage of the life cycle (13).

Red maple trees (Acer rubrum) be-
gin development of dormancy, regard-
less of the photoperiod, when the night
temperatures are much above 25° or
below 14°C.

Two aquatic species, frogbit (Hy-
drocharis morus ranae) (I4) and
greater duckweed (Spirodela polyr-
rhiza) (15) show a similar regulation
of onset of dormancy by temperature.

Trees growing in the vicinity of
street lights will drop their leaves even-
tually and become dormant even though
they are exposed to a long photoperiod
(16). Some tree species growing in
warm night temperatures will retain
their leaves for long periods even
though the photoperiod is short (17).

Suppressed trees grown in shaded
conditions or under low light intensi-
ties in growth chambers tend to begin
development of dormancy independ-
ently of the photoperiod (14, 18).

Good moisture and nutrient supplies
can favor prolonged vegetative growth
(19, 20). Proper nutrition leads to
greater resistance to winter injury.
However, trees treated with heavy un-
balanced doses of nitrogenous fertilizer
late in the summer may maintain vege-
tative growth until they are killed by
frost (2, 5). This is one reason why
orchardists, nurserymen, and gardeners
avoid application of high nitrogen fer-
tilizers to perennial plants in late Au-
gust. Greater duckweed (which in some
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ways behaves like a tree) becomes
dormant even under a 20-hour photo-
period when grown in culture media
that do not contain nitrogen (15). De-
foliation (by man or by insect), tem-
porary flooding, severe wounding, and
various other shock treatments induce
renewed growth and delay dormancy.

One may speculate that under nat-
ural conditions the quantities of nu-
trients available to plants vary season-
ally and that there is a winter recharge
and summer depletion of available soil
nutrients that parallels the seasonal
cycle of moisture supply. Initiation of
dormancy is probably the result of in-
teractions between photoperiod, high
night temperature, lack of available
soil nutrients, and insufficient moisture
during July and August. A limiting
amount of any of these factors [at least
for the species and circumstances just
cited (/3-21)] can stop growth and
initiate dormancy processes independ-
ently of photoperiod.

Independent Phenomena

Cessation of growth, preparation for
leaf fall, development of cold hardiness,
and winter rest, all take place at ap-
proximately the same time (late August
through September in New England;
late September through December in
the southeastern United States). Since
they occur at the same time, the as-
sumption has been made that the phe-
nomena are causally connected. Deter-
minate species, such as spruce, white
pine, and red oak, may form terminal
buds by the end of June, but some
activity of the apical meristem, includ-
ing the development of leaf primordia,
can continue for several months (4).
Cell division in the cambium (lateral
meristem) and growth in diameter con-
tinue for several months after terminal
buds have been formed and growth in
height has ceased. When treated with
the sequence of long photoperiod and
cold night temperatures, box elder
(Acer negundo) and viburnum (Vi-
burnum plicatum tomentosum) cease
active growth and develop a consider-
able ability to tolerate freezing (—10°
to —30°C). These plants renew vege-
tative growth, without chilling treat-
ment, when returned to an environ-
ment of warm nights and days. Only
plants subjected to a regime of short
photoperiods and cold nights developed
a true winter rest. The plants retain

their leaves under both treatments
22).

Red maples from the Everglades of
Florida cease active growth and drop
their leaves in the fall but are unable
to withstand any freezing temperatures
and have no winter chilling requirement
(23). Red maples from New York
State develop a true winter rest and
require a month or more of chilling
before they can resume active growth.

Thus, at least for the examples cited
above, the phenomena of dormancy
(cessation of growth, development of
cold hardiness, winter rest, and leaf
fall) can be separated either geneti-
cally or by manipulation of the environ-
ment. Many other physiological changes
take place during the dormancy phase
of plant life. A restrictive definition of
dormancy which does not include these
physiological changes is of limited
value. '

Behavior of Different Parts
of a Tree during the Rest Period

Not all parts of a dormant tree have
a true winter rest or chilling require-
ment. Feeder roots of most trees ap-
parently grow throughout the year
when the soil temperatures and mois-
ture content are high enough (4).

Lilacs have paired buds. Exposure
of a single bud of a pair to the fumes
of ethylene chlorohydrin (or other
rest-breaking chemicals) induces it to
grow, while the untreated bud of the
pair remains dormant (24).

The cambium is capable of renew-
ing growth even though it is not ex-
posed to chilling or chemical treat-
ments (24). On the basis of similar
observations some workers infer that
the cambium does not have a true win-
ter rest (20). Other workers disagree
(11).

There is a vast and conflicting litera-
ture on the dormancy of the cambium
and the pattern of initiation of new
growth in diameter. Many observations
indicate that the renewed growth ac-
tivity is first initiated in the terminal
buds and that indoleacetic acid and
gibberellic acid and other growth sub-
stances move downward and act to re-
new the growth in the lateral buds,
branches, and trunk of the tree (25,
26). Other observations show that the
sequence of renewed growth activity
is first initiated in the base of the tree
trunk and proceeds upward through the
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Fig. 1. Changes in dry weight by sweet gum and pine seedlings during the winter
months. Although the sweet gum seedlings were without leaves from 20 December
through 1 April they increased in weight by 42 percent. The pine seedlings increased
in weight by 68 percent during this same period. The f-tests comparing sweet gum
weights at different dates indicate that the changes in total weight were significart at
the 5 percent level for every interval except that between 1 April and 24 April. The
changes in root weight and shoot weight and root-shoot ratio were significant at every
measurement interval. The pine seedlings made significant changes in weight in every
measurement period except for the period between 20 November and 20 December.

branches and twigs to the buds (11,
27). The cambia of the diffuse porous
trees (genera: Acer, Tilia, Betula, and
others) may require the presence of
buds for renewed growth, whereas the
cambia” of ring porous trees (genera:
Quercus, Fraxinus, Robinia, and
others) may not (26).

The time of dormancy or winter
rest is definitely not a period of inert
existence for the buds or any other
part of the tree. Although there is no
significant growth in length (internodal
elongation), buds grow in size and in
some instances contain cells which di-
vide (4, 28). As winter chilling pro-
gresses, there is a change in the kinds
of enzymes, the number of enzymes,
and the form of enzymes (isoenzymes)
present in the buds. The concentrations
of polyphenoloxidase and phenols are
reduced. The concentrations of cata-
lases and hydrolases increase. The con-
centration of fats, anthocyanins, narin-
genin, and a number of growth-inhibit-
ing substances is reduced (29).

Photosynthesis and respiration con-
tinue throughout the winter, especially
when the temperatures rise above 5°C.
These phenomena have long been rec-
ognized for evergreen species (30).
The bark, twigs, and branches of de-
ciduous trees contain a large amount
of chlorophyll, and they too are ca-
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pable of carrying on photosynthesis
whenever the temperatures are above
freezing (31). Leafless sweet gum seed-
lings (Liquidambar sytraciflua) in-
creased in dry weight by 42 percent
from 20 December to 1 April in
Raleigh, North Carolina, in spite of
night temperatures which were fre-
quently —5°C or lower. Loblolly pines
(Pinus taeda) which usually retain
needles for 2 years or more, increased
68 percent in weight during this same
period (Fig. 1).

Control Centers of

Dormancy Phenomena

Much work has been done on the
location of the receptors and control
centers of dormancy phenomena (13).
Trees with buds exposed to long photo-
periods, while their leaves were ex-
posed to short photoperiods, were un-
able to renew growth. Similar trees,
with leaves removed, were able to re-
new growth when exposed to long
photoperiods. Thus, both leaves and
buds must be exposed to long photo-
periods before buds in the early rest
can renew growth (13).

The wavelengths of light (red and
far red) which control the photo-
periodic regulation of dormancy and

flowering are apparently the same and
are absorbed by the plant pigment
phytochrome. Phytochrome is present
in the leaves and twigs of many species
(32).

Renewed growth is correlated with
the disappearance of inhibitors from
the buds and increased concentrations
of growth stimulators (7, 33). Such
findings are criticized because some in-
hibitors are concentrated in the scales
of dormant buds rather than in the
apical meristem. However, bud scales
and leaf primordia may be centers of
growth control. Bud scales make slow
growth throughout the winter, and
show active growth long before there
is evidence of active growth or cell
division in the apical meristem (28,
34). Some research indicates that apical
meristems may not be able to grow in
artificial culture media unless a mini-
mum number of leaf primordia are
attached (35). Recently, isolated meri-
stems of Norway spruce (Picea abies)
have been cultured and produce new
leaf primordia (36).

As mentioned earlier, twigs of dor-
mant plants conduct active photosyn-
thesis during the winter months and
could, themselves, be important recep-
tors and sites of dormancy regulation.
Although there is much evidence for
the concept of a control center of
dormancy processes in buds and leaves,
the possibility that other plant parts
may be involved is not excluded.

Breaking Dormancy with Chemical
Reagents and Shock Treatments

A wide variety of chemical and
shock treatments can hasten renewed
vegetative growth of dormant plants:
potassium cyanide, potassium thio-
cyanate, urea, thiourea, ether, ethylene,
ethylene chlorohydrin, acetone, alcohol,
ethyl acetate, potassium chloride, other
simple salts, and so forth. The list of
reagents used is long and their struc-
tures are dismayingly diverse (6, 24,
37). Many of the early workers were
unaware of the chilling requirements of
plants, and it is not clear to what de-
gree winter chilling requirements were
met before cllemical treatments began,
hence it is not always clear whether
the growth during after-rest was ac-
celerated or whether true winter rest
was broken by the treatments. Denny
and Stanton (24) appear to be the first
workers to recognize clearly that pre-
vious growth conditions and chilling
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treatments could modify the effective-
ness of the chemicals tested for break-
ing dormancy. Unless chilled, some
genera, such as Viburnum, do not break
dormancy following treatment with any
of the reagents Denny and Stanton
used (24).

The action of chilling in breaking
winter rest is not understood. Many
species, and races of species, do not
have a true chilling requirement. The
interaction of high and low tempera-
tures, the restricted ranges of tempera-
ture above or below which growth
cannot be renewed, and the variation
with time are most confusing (6). The
careful studies with elm indicate that
at least two temperature-sensitive en-
zyme systems may be involved (8).
One set of enzymes is either synthe-
sized or active at temperatures near
5°C and the other at temperatures
near 25°C.

Hot water baths, anaerobic ‘condi-
tions, and exposure to high intensity
lights have also been used to ‘“break
dormancy.” The common feature of
all the treatments used to break dor-
mancy is that they are severe. Often
the temperatures or chemical concen-
trations used border on being lethal.
Many of the chemicals used are poison-
ous at relatively low concentrations.

Plant Hormones and
Growth Substances

A number of known and unknown
growth stimulators (indoleacetic acid,
gibberellic acid, ethylene, and others)
decrease in concentration in the fall
and increase in concentration with
chilling treatments and renewal of
growth in the spring. The correlation
between these accumulations and de-
creases has led to the hypothesis that
the phenomena of dormancy in trees
result from changes in the balance of
inhibitor and stimulator concentrations.
Several reviews introduce the topic and
present hypotheses about these and
other growth-promoting and inhibiting
substances—inositol, sorbitol, leucoan-
thocyanins, and so forth (4, 6, 7, 38,
39).

There is evidence that substances
synthesized in one part of a plant move
to another part and regulate its growth
and development. During early rest,
birch (Betula pubescens) leaves, ex-
posed to short days, inhibit the growth
of buds exposed to long days. The
buds will renew growth when the leaves
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are removed (I7). The work of Ware-
ing and his colleagues (40) suggests
strongly that abscisic acid is the pri-
mary inhibitor synthesized in the leaves
of plants in response to short photo-
periods. Application of abscisic acid
to leaves and growing tips (Acer pseu-
doplatanus, Betula pubescens) induces
the formation of bud scales. The dem-
onstration of abscisic acid in the honey-
dew of aphids feeding on willow stems
is evidence for the transportation of
abscisic acid between plant parts (41).

Abscisic acid may function in con-
cert with indoleacetic acid, cytokinins,

gibberellic acid, and ethylene to stimu-
late processes of senescence and leaf
abscission (42, 43). The processes in-
volved are not well understood (1).
Gibberellic acid is one of the few
substances for which hormonal action
is clearly demonstrated. Gibberellic
acid formed in one plant part can move
to another plant part where it acts on
genes to induce the formation of a
number of enzymes, including the
starch-digesting enzyme, a-amylase (5).
However, treatment with simple sugars
does not induce break of dormancy, and
the role of gibberellic acid in renewed

Fig. 2. Response of different races of red maple to short photoperiods (8 hours) and
cold nights (12°C) in the growth chambers of the Southeastern Environmental Labor-
atories at Duke University. (A) Trees of the Massachusetts race form terminal buds,
drop their leaves, and develop a winter chilling requirement. (B) Trees of the Florida
race do not make these responses and continue to grow and form new leaves. (C and
D) Stocks and scions of grafts between the Massachusetts and Florida races respond
independently of each other. There is no evidence of movement of “dormancy hor-

mones” from stock to scion.
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growth may involve additional factors.

* Application of gibberellic acid to-leaves
of box elder (Acer negundo) grown in
short photoperiods and low tempera-
tures, prevents the development of
cold resistance (44).

The concentration of gibberellic acid
in buds increases as they expand in
the spring; the increase in concentra-
tion is most rapid after the chilling
requirement has been met. The chang-
ing concentration of gibberellic acid
may be a secondary, rather than a
causal, factor in the breaking of dor-
mancy (10).

In some species gibberellic acid is
reported to hasten the renewal of vege-
tative growth in the spring whereas it
is reported to have no effect on other
species (38). Experiments with greater
duckweed (Spirodela polyrrhiza), an
aquatic . perennial that has a chilling
requirement and dormancy patterns
similar to trees, indicate that conflict-
ing observations regarding the role of
gibberellic acid in dormancy may be
due to genetic variation within and
between species: one unchilled clone
of greater duckweed could be induced
to break dormancy in less than 7 days
when treated with a combination of
long photoperiods and gibberellic acid
(10 pg/ml). Another unchilled clone
required the same concentration of gib-
berellic acid, long photoperiods, and
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Fig. 3. Cyclic diagram of seasonal transi-
tion from a condition of active vegetative
growth to a condition of dormancy. Dor-
mancy involves three arbitrary phases:
early rest, winter rest, and after-rest.
Table 1 lists some of the stimuli and phys-
iological processes involved in the cycle.

48 days for complete break of dor-
mancy. All greater duckweed clones
broke dormancy in less than 7 days
after chilling treatment of 1 month
even without gibberellic acid. Long
photoperiods were not required for
break of dormancy after chilling (15).

Similar conflicting observations make
interpretation of the role of indole-
acetic acid and other growth substances
in dormancy difficult. For the present,

Table 1. Some stimuli and metabolic processes reported to be involved in the cycle of trans-
formations from the vegetative condition to the dormant condition and back to the vegetative

condition (see Fig. 3).

A. Stimuli which act on plants in a vegetative condition
1. Radiant energy: light intensity during the photoperiod: length of the day and night;
red—far-red shifts of phytochrome receptor
2. Temperatures: High day temperatures, low night temperatures
3. Nitrate and nutrient content of the culture medium
4. Availability of water and other unknown variables

B. Morphological and physiological changes during transition from the vegetative condition
1. Stop cellulose synthesis; accelerate lignin and starch synthesis

2. Accumulate anthocyanins, phenols, fats, dormin, and other growth inhibitors

3. Stop the synthesis of some enzymes and accelerate the synthesis of others

4. Induce formation and terminal buds, migration of minerals from leaves, and formation
5.

of abscission layers in leaf stems
Stop cambial activity.

C. Stimuli (natural and artificial) which act on the dormant plant to. accelerate
transition back to vegetative state
1. Chilling treatments: 30- to 90-day exposure to temperatures less than 6°C, natural

winter cold

A AN

. Other variables.

. High temperatures; hot water baths, natural high temperatures

. Natural chemical agents: abscisic acid, kinetin, IAA, GA, ethylene

. Artificial chemical agents: chloroform, ether, ethanol, acetaldehyde, CO,, anaerobic condi-
tions, nitrate, thiourea, and many others :

- Long photoperiods: 16 to 20 hours (longer photoperiods than are normal for the season)

D. Physiological and morphological processes and changes in dormant plant
before renewal of active and vegetable growth

NP WN -

. Dissipation of fats, phenols, abscisic acid, and various other pigments and growth inhibitors
. Increased concentrations of IAA, GA, and other growth promoters

. Elimination of some enzymes and the formation of others

. Slow growth of bud scales with a very few cell divisions

. Photosynthesis, respiration, and transpiration (via lenticels) whenever temperatures permit
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we can only state that their concen-
trations vary with the degree of vege-
tative activity in plants, In which in-
stances do these parallels reflect causal
relationships? In which instances do
they reflect mere secondary correla-
tions?

Invoking a hormonal control of dor-
mancy phenomena may be unjustified
in some instances: If the topmost bud
or leader of a young tree is cut away,
the buds at the tips of the lower
branches will resume growth and one
of these lower branches will assume the
role of generating the main stem. It
should also be noted, conversely, that
extensive pruning, removal of the
lateral buds, or severe wounding will
induce the terminal buds to grow. If
the leaves of a tree in early dormancy
are removed, the quiescent buds open
and new leaves form. These and simi-
lar observations are cited as evidence
that dormancy-inducing substances are
synthesized in one part of a plant and
are transferred to other parts where
they regulate the processes of growth
and the development of dormancy. Are
responses of the type described above
due to the removal of inhibitors or due
to the action of substances created de
novo as a result of shock treatment?

Conclusive proof or disproof of hor-
mone-like action for abscisic acid or
other growth substances is most diffi-
cult to achieve. Indeed, there are a
number of common observations which
indicate that different parts of a tree
are able independently to grow, go
dormant, and initiate new growth:

1) Lamb (45) observed the red
maple leaves which were formed as a
prolonged growth response to shock of
heavy August pruning. These leaves re-
mained on the tree until December
while the leaves formed during the
normal growing season fell from the
trees in October. Leaves on the side
of a tree nearest a street light are re-
tained longer than leaves on the side
away from the light. These and similar
observations indicate the formation of
abscission layers by different leaves on
a plant is somehow determined by the
age and physiological condition of the
particular leaf rather than by substances
transported from other parts of the
tree.

2) There is a mutant of European
beech (Fagus sylvatica) which has
pendulous branches. The buds open
and the leaves of this mutant develop
much later in the spring than the buds
and leaves of a normal plant. A double
graft was made so that the root system
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and lower branches of the resulting
plant were normal, the middle stem
and branches pendulous, and the upper
stem and branches normal (by Syrach
Larson, Royal Danish Arboretum).
The leaves generated on the normal
sections of the tree continued to emerge
and grow at an earlier date than the
leaves generated on the mutant middle
section of the tree. Figure 2 illustrates
this genetic variation in dormancy and
lack of influence of stock on scion for
red maple. Interracial grafts of cotton-
wood (Populus deltoides) behave in a
similar fashion.

3) As mentioned earlier, treatment
of a single bud with a rest-breaking
chemical, such as ethylene chlorohy-
drin, induces the treated buds to grow
while the untreated portions of the
plant remain dormant (24).

The observations described above
are not compatible with the concept of
a series of hormones that move from
one part of a plant to another to regu-
late the processes of dormancy. Under
some conditions, at least, different parts
of a plant develop and terminate the
condition of dormancy independently.

The phenomena of dormancy are
many and can be mediated by an array
of environmental triggers (temperature,
photoperiod, moisture, nutrition, and
others) (Table 1 and Fig. 3). One is
forced to conclude either that dormancy
processes are initiated by several recep-
tors or that the receptor which triggers
the morphological and - metabolic
changes of dormancy is sensitive to
several stimuli other than photoperiod.
Genetic evidence indicates that a large
number of genes are involved and
hence a large number of enzymes and
regulating substances may also be in-
volved (46).

Research with barley (47) and with
tobacco pith () and duckweed indi-
cate that gibberellic acid, indoleacetic
acid, and kinetin can alter the enzyme
patterns of plants (Fig. 4). These and
similar observations suggest that various
environmental stimuli may act directly
on the genes or on a number of recep-
tor substances (such as phytochrome)
which in turn act to produce changes in
the enzymes and regulator substances in-
volved in dormancy. Perhaps dormancy
genes can be reversibly ‘“turned on
and off.” Such reversible control of
developmental processes is not possible
with animals. For this reason work
with the dormancy phenomena has the
exciting prospect of elucidating many
of the mechanisms of gene action.

Scientists (who see¢k for general prin-
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ciples and useful simplifications) are

searching the maze of conflicting ob-

servations about dormancy in the hope
of finding a single receptor that acts
through some pyramid of affector sub-
stances to control all of the processes
involved. Phytochrome and abscisic
acid are the current foci of attention
in this search. However, the phenom-
ena of dormancy are many, are sepa-
rated in time, and are further separable
by manipulating either the environ-
ment or the genotype. Phytochrome
and abscisic acid undoubtedly play key
roles in some phenomena of dormancy.
Which ones? And to what degree?

Summary

Early dormancy involves a number
of phenomena: cessation of active
growth, formation of terminal buds,
formation of abscission layers in leaves,
development of cold resistance, de-
velopment of winter rest (a chilling
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requirement), and leaf fall. The buds
of some tree species (or some races
of a species) have a true rest or win-
ter chilling requirement; usually the
roots do not; perhaps the cambium
does not. There is a wide range of
genetic variation within and between
species in response to photoperiod,
winter chilling, water nutrients, and
other environmental factors which
affect the dormancy condition of plants.

During the period of winter rest
there are many metabolic and develop-
mental processes going on in the buds
and twigs. These processes include
respiration, photosynthesis, some cell
division, enzyme synthesis, production
of growth stimulators, and dissipation
of growth inhibitors.

Dormancy of trees can be divided
arbitrarily into three phases: early
rest, winter rest, and after-rest. Each
of these phases is marked by a dis-
tinct set of physiological processes.
The transition between the three phases
is gradual. Some processes of after-rest
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Fig. 4. Altered isoperoxidase and isoesterase patterns for a single clone of Spirodela
polyrrhiza treated with varying combinations of photoperiod, night temperature, and
abscisic acid. Chamber I, 20-hour photoperiod, 23°C phototemperature, 17°C dark
temperature. Chamber II, 8-hour photoperiod, 23°C phototemperature, 12°C dark
temperature. V, vegetative fronds forming turions. 7, turions (dormant bodies). ABA
treatment, 1 ug/ml. Different genotypes and different enzymes give different responses.
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can proceed even though the winter
chilling requirement (winter rest) of
a tree has not been completed fully.
Evidence from grafting experiments
and chemical treatments to break win-
ter rest, and studies of genetic varia-
bility indicate that the processes and
phenomena of dormancy are at least

partially independent of each other.

Different buds and branches and other
parts of the same plant may initiate
dormancy, break dormancy, and renew
vegetative growth independently.
Initiation and cessation of dormancy
can be triggered by a number of en-
vironmental variables: photoperiod,
temperature, nutrition, water, an array
of chemicals, and shock treatments.
Dormancy regulation must either in-
volve a variety of receptors or involve
receptors that are responsive to a
variety -of stimuli. Unless dormancy is

defined in a highly restricted sense.

(that is, possession of chilling require-
ment), it is hard to conceive of a
single receptor or regulator that con-
trols all of the phenomena of dor-
mancy. A large number of genes are
definitely involved and hence a large
number of enzymes. The kinds of en-
zymes, their numbers, and their con-
centrations can be regulated by manip-
ulating the environment.
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Plant

changes in trajectory seriously modify
the screening characteristics of the con-
duction electrons.

The ability of ionized gases or fluids
(plasmas) to support a variety of
harmonic disturbances (waves) and to
transmit them many wavelengths is
well known (7). The study of such
phenomena in semiconductors, semi-
metals, and metals—solid-state plasma
physics—has become an active branch,
during the past decade, of the investi-
gation of the electronic properties of
solids (2). Research activity has been
particularly fruitful in the case of the
simplest metals—the light alkali metals
sodium and potassium—in which the
greatest variety of wave propagation
phenomena has been observed; also the
nearly total absence of band-structure
complexities in these metals greatly
facilitates comparison of theory and
experiment. In this article the various
plasma and spin-wave excitations thus
far discovered in the alkali metals are
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