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ABSTRACT

COLD HARDINESS AND WATER CONTENT DURING DEACCLIMATION OF GRAPEVINE BUD

AND CANE TISSUE.

Computer issisted thermal analysis was used to measure deep
supercooling in dormant bud and cane tissue of Vitis vinifera L. cv.
‘Merlot' during a five week deacclimation time period. The temperature
of the Low Temperature Exotherm (LTE), an indicator of hardiness, of
both cane (internode) and primary bud tissue responded to weekly
increases in air temperatures with bud tissue responding faster than
cane tissue. Bud tissue from pruned and unpruned canes retained the
capacity to supercool until early bud swell 18 April., 1987, when the
mean LTE temperature of -9.8°C became obscured by High Temperature
Exotherms (HTEs) occurring between -5 and -8°C. Cane tissue had lower
LTEs than bud tissue on each date and at each position. Cane positions
nearest the trunk, whether canes were pruned or unpruned, were found to
be slightly hardier than those more distally oriented, which was not
observed with buds. Pruning treatments did not influence the loss of
hardiness in either bud or cane tissue. Water content of canes was
more affected by all three factors (date, position, and pruning) than

was hardiness. Bud water content was only affected by date, and was
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lower than cane water content for every date and each positicn
throughout the study. fCanes increased in water content with each more
distal position. Pruning slowed the rate of cane hydration during the
week it was most rapid, especially at the most distal position.
Observations during the most pertinent three weeks of this study
indicate that cane tissue hydrates rapidly but dehardens only slowly,
while buds deharden more quickly yet have only a small increase in bulk

water content. The main effect of pruning was on cane water content.

Richard A. Hamman Jr.
Department of Horticulture
Colorado State University
Fort Collins, CO. 80523

July 1, 1988.
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Literature Review

Introduction

Plants have adapted metabolically, physically and morphologically
in order to survive the environmental changes occuring throughout the
year. These adaptations allow the plants to withstand varying degrees
of environmental stresses, such as heat, water deficit and extreme
cold. Low temperatures can be injurious and even lethal to tissues 1in
overwintering plants. The ability to resist freezing stress is
crucial to their survival. Since grapevines require this ability, the
aspects of acclimation, deacclimation, supercooling, freezing, and
water status will each be given consideration. Of additional interest
to the viticulturaist and plant scientist is the cultural practice of

pruning, which may have a significant impact on freezing resistance or

water content.
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Supercooling and Freezing

The mechanisms by which plants survive freezing conditions under
natural circumstances are complex and depend on many factors, such as
rate of cooling, moisture content, and stage of acclimation (57, 66,
89, 114).

Depending on the species, plants have evolved to avoid and / or
tolerate freezing, thus insuring their survival (57, 66, 88, 27).
Certain tissues in numerous woody species avoid freezing by a process
referred to as deep supercooling or undercooling ‘17). Deep
supercooling defers the freezing of tissues to a temperature below the
anticipated freezing point of the tissue (17, 114). The supercooled
water is thermodynamically stable and exists in equilibrium with ice at
temperatures apprcaching the homogeneous nucleation point of pure water
(32) and lower (89). With the absence of any heterogeneous nucleating
agents, the homogeneous nucleation temperature cf pure water 1is the
result of the spontaneous aggregation of water molecules to form ice
nuclei and only occurs at temperatures of -37° to -40°C (94). DJeep
supercooling may play a role in limiting certain Angiosperm species to
regions where the winter temperature minima remain warmer than the
homogeneous nucleation temperature of water (34). Deep supercooling
has been reported in numerous temperate trees (32, 34, 39, 52, 388); in
blueberry (14), grape (2, 78, 85, 87), azalea (35), apple (44, 90) and
many other families of Angiosperms (89). When plant cells freeze, two
distinct types of freezing camn occur; extracellular and intracellular
(17, 57). Extracellular freezing is the formation of ice outside of

the cell wall and intracellular freezing is when ice forms within the



internal cell matrix nearly always resulting in the death of the cell
(17, 92). Mazur (67) suggests that intracellular freezing results from
seeding by very small extracellular ice crystals that have grown
through the presumed nanometer sized aqueous channels 1n the plasma
membrane. The mechanism by which intracellular ice injures is physical,
a result of mechanical stréss and disruption of intracellular membranes
(17, 46, 66, 104). Extracellular freezing, on the other hand, is more
complex and involves a dehydration of the cell (6, 9, 72, 73). Mazur
(66) and Asahina (6) report that this dehydration produces several
physical alterations of the cell: concentration and precipitation of
solutes, reduction in cell water content, cell shrinkage, changes in pH
and reduction 1n spacial separation of macromolecules.

In contrast to deep supercooling, a tolerance mechanism
characterized by a loss of cellular water to extracellular ice (89,
104) is found in some hardy coniferous species (97). Plants such as
the subalpine fir can tolerate freezing to -70°C without deep
supercooling (26).

How plant tissues develop the ability to deep supercool is not
clearly understood. Tissues that supercool have been described as
having small cell size, minimal intercellular space and relatively low
moisture content (6, 57, 73). Xylem ray and axial parenchyma (32, 75,
89, 96), floral primordium (8, 78, 82, 87), and phloem (75, 78, 382) are
examples of tissues found in hardy woody plants that supercool.

Whether or not deep supercooling is influenced by the physical
structure of tissue and cell constituents is a question which has
prompted several studies concerning this phenomenon. In a number of

Prunus species, a lack of xylem continuity between floral primordia and



bud axes is common in species capable of supercooling (10) indicating
that ice nucleation barriers are organized at the tissue level (8, 46).
Supporting this concept, Ashworth (8) and Quamme (93) have reported
that water soluble dyes failed to move from peach bud axis tissue into
the floral primordium. Quamme et al. (90) showed that finely ground
powders of tissues and tissues sectioned at .5 mm thickness did not
deep supercool. They also reported that tissues killed by steanm,
chloroform, and oven drying (with rehydration) supercooled, thus
providing evidence that the structural feature does not involve the
protoplasm. That deep supercooling may depend upon the integrity ot
floral structures was demonstrated by mechanical wounding of peach
floral buds prior to freezing, this enabled ice formation in the bud
axis and nucleation of water in the primordium (8, 93).

Detection of free. . of supercooled tissue is commonly based on
thermal analysis (TA) and differential thermal analysis (DTA) (13, 16,
18, 69, 74, 77, 86, 108). Nuclear magnetic resonance (NMR), and
differential scanning calorimetry (DSC), have. to lesser extents, been
utilized (17, 18, 22, 57). Thermal analysis detects the temporary
latent heat of fusion released (exotherm) when water freezes. DTA is
similar to TA except that DTA involves use of an additional reference
thermocouple junction, and the exotherms represent the temperature
difference between the sample tissue and the reference junction. DTA
has emerged as a simple rapid technique for determining hardiness since
it was first shown that an exotherm is involved in freezing injury of
flower bud primordia (35). Exotherms have also been associated with
freezing injury of flower buds of blueberry (13), grape (2, 71, 77, 87,

117), and a number of Prunus species (3, 4, 7, 84, 91). Usually two



distinct exotherms are observed; the first is the result of
extracellular freezing (High Temperature Exotherm or HTE) and the
second is thought to be the result of intracellular freezing (Low
Temperature Exotherm or LTE) (2, 35, 93) and is considered a lethal
event (32, 57, 66, 96).

The presence of compounds which depress the freezing point of a
solution can aid in a plant's ability to supercool. These antifreeze
like compounds may be secondary cell metabolites such as polyhydroxy
compounds or glycoproteins similar to those identified in antartic
fishes (28). Winkler (115, 116) reported that with Vitis vinifera,
starch is hydrolyzed to sugar in the above-ground tissues during
dormancy, and serves as a cryoprotectant, affecting the freezing point
depression of the tissue.

Several investigators (57, 66, 102, 109, 125) believe that
membrane structure may be a factor influencing the freezing resistance
of tissue. Protoplasmic stiffening (57) and augmentation of
phospholipids in membranes (62, 103) have been associated with freezing
resistance. Studies with Black Locust (103) have shown that the degree
of unsaturation cf cell lipids during the winter remained unchanged.
Changes in enzyme activity (38, 56) and protein synthesis (15, 70)
induced by exposure to freezing temperatures provides evidence that
alterations in cellular constituents may affect ability to resist
freezing stress.

Freezing in plants produces physiochemical events which are well
understood separately, but, the interaction of various events is

complex, and the biological process may never be totally explained.



Acclimation and Hardiness

Widespread research by over 100 scientists in North Amer:ca (88)
has led to increased knowledge of not only freezing injury and
mechanisms of hardiness but also the influence of the acclimation cycle

and metabolic processes.

In late summer and early fall, plant tissues undergo a dramatic
increase in cold resistance so that by early winter, some tissues are
able to tolerate temperatures of -40°C and below (114). Some plants
(124) can only acclimate a few degrees below 0°C, while others are able
to survive the temperature of liquid nitrogen (95, 97). This increase
in hardiness, termed acclimation, is the general process whereby a
plant changes from the cold tender to the cold hardy condition.

Certain environmental signals which initiate cold acclimation
processes are known, i.e. low-temperature (37, 42, 74, 82, 97), reduced
photoperiod (42, 45, 105, 110) and declining water content (40, 59, 78,
123). Irving and Lanphear (45) demonstrated that the development of
hardiness is a photoperiodic response, which agrees with views oi
Kacperska (51) and Weiser (114). It has been reported that potted
‘Concord' grapevines, when subjected to a night interruption by white
light, were generally less hardy than those exposed to naturally
decreasing daylengths (119). Investigations with apple revealed that
acclimation occurs 1in two stages (42). The first stage being induced by
short days (42, 45, 105) and the latter by low temperature (82, 97).
Increases in hardiness during the second stage occur very rapidly and
normally coincide with the first freezing temperatures of the fall
(42) . Schnabel and Wample (100) reported that a weak development of

grape cold hardiness occurs when short days and low temperatures are



administered separately. However, when short days or low temperatures
are combined, a greater increase in hardiness occurs, indicating a
synergistic effect of these two environmental factors. When perennial
plants are undergoing active growth, neither short days nor low
temperature can induce cold hardiness (111).

Scientists have tried to determine what initial factor causes the
changes in metabolism that allow plants to acclimate. Steponkus and
Lanphear (105) studied the light stimulation of cold acclimation of
Hedera helix and concluded that light acted via translocatable
promoters of hardiness which were either a fraction of crganic acids
and phosphorylated compounds or carbohydrates. Van Huystee et al.
(110) inferred that during autumn, acclimation is a phytochrome
response which triggers a hormone that increases the production of
water-soluble proteins. They believe these proteins represent enzymes
responsible for the increase of carbohydrates (75) and other organic
products in cold acclimating plants.

During early acclimation, hardiness increases are in part
associated with tissue water loss (59, 68). The decline :in water
content serves to protect tissues in two distinct ways. First, it
dehydrates the cell and lessens the chance for destructive formation of
ice crystals (6, 66) and second, it concentrates the cell sap which
effectively lowers its freezing point (6, 57, 73) allowing the cell to
escape damage from ice formation. Wolpert (123) has shown that a
decline in tissue water of Vitis is highly correlated with short day
induced acclimation. Pierquet and Stushnoff (78) report that Vitis
riparia buds are more hydrated during early fall and become dehydrated

and more hardy in midwinter.



In addition to these environmental signals, investigators have
shown that certain biochemical responses by plants are correlated to
cold acclimation. Some examples of these are: ABA accumulation during
acclimation (26, 57), osmotic adjustment (75, 99, 104) and structural
changes, e.g., membrane augmentation (103, 109), cellular alterations
of the plasma membrane (102, 106, 125) and reduced intermolecular
distances of molecules in cells (114). Although the precise effect of
such changes on tissue and cell hardiness has not been determined,
structural or conformational changes involving cell constituents such
as proteins (15, 70, 37, 110), enzymes (38, 56), carbohydrates (75.
116), lipids (62) and certain metabolites (28, 99) are associated with
increased tolerance to cold.

Compared to biochemical investigations, fewer studies involving
the effects of morphology and cultural practices on cold acclimation
and hardiness of plants have been conducted, perhaps due to
environmental limitations and the difficulty of data collection.

Grapevines possess unique growth habits among plants whose
acclimation and hardiness have been researched. They not only produce
very long shoots with indeterminate growth and compound buds but also
lack growth cessation by terminal bud set (79, 80). As long as shoot
elongation is rapid, accumulation of carbohydrate will be delayed until
the grapevine passes the period of self support (when carbohydrate from
the vine equals that stored from current photosynthesis) and initiates
maturation (54). A grapevine's ability to acclimate is related to
morphological changes during maturation (40). Overloading grapevines
with fruiting buds caused a series of morphological and physiological

changes in the shoots and stems of the cultivar "Merlot', resulting in



plant desiccation and shoot die-back (47). Wolpert (121) describes
vegetative maturity as a dominant feature in the initial phase of
acclimation. Treatments that affect acclimation during this phase
appear to do so via their affect on the rate of shoot maturation.
Evidence clearly indicates that presence and color of periderm tissue
(40, 120, 121), shoot and node location (40, 49), cane diameter (101,
120, 123) and cane exposure (40, 101) are correlated with resistance to
cold during the subsequent dormant season.

Efforts to understand the affect cultural practices the previous
growing season has on a grapvine's ability to mature and resist
freezing stress are well documented. Variables such as cropping stress
(41, 107), exposure of leaves to sunlight (40), weed control (20),
presence of adequate leaf area (107), method of training (20, 122),
proper soil moisture level (101) and growing site (113, 118) all
influence the level of cold hardiness.

A factor to consider 1in any test in which hardiness is measured is
sampling uniformity. This has proven to be true in several fruit crops
such as blueberry (13, 14) apple (42) peach (32), cherry (4, ) and
grape (40, 49). Tissue maturation (40) as related to position of buds
(13, 40, 123) or shoot segments (49) are examples where caution must be

exercised to collect uniform samples over the duration of the study.

Chilling

A condition of protection against extremes in moisture and
temperature termed dormancy (99) is a key defense mechanism ensuring
survival of many perennial plants. Dormancy can be grouped into

periods called quiescence and rest. Quiescence is a period of
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nonvisible growth controlled by external factors (113); growth will
proceed under favorable environmental conditions. Rest, on the other
hand, is a period of nonvisible growth controlled by internal factors
(63); growth will not occur even under favorable conditiomns. Rest
completion and chilling satisfaction are considered synonymous (63,
113} .

One area of both scientific and practical interest is whether or
not there exists a chilling requirement for grapevine bud break.
Experiments designed to examine the relationships between grapevine bud
dormancy and chilling have received little attention. Magoon and Dix
(65) exposed 9 cultivars of grapes to ambient air temperatures of less
than 7.2°C for various lengths of time. Subsequently, the vines were
grown under ambient temperatures of 18-21°C. They found that as the
duration of exposure to temperatures below 7.2°C increased there was a
decrease in the length of time to bud break. Weaver et al. (112)
reported a wide range in the time required for grape buds to end rest.
He found that cuttings of cultivar ?Pearl of Casaba', made on 21 March
broke bud after 25 days at 25°C, while cuttings of ‘'Ribier' 4id not
break bud even after 105 days. Martin (63) reported that grapevines
appear to require about 200 hours of winter chilling, (commonly
temperature above 0°C and below 7°C). With insufficient chilling
duration, grapevine shoot growth can be erratic with poor cluster

development and irregular berry set (65).

Deacclimation
Deacclimation is an important aspect of development in

overwinterinq perennial plants. It occurs when rest is complete (83);
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movement from the quiescent state begins (113), loss of hardiness and
increases in tissue moisture and temperature occur (5, 14, 44, 123),
followed by bud swell and rapid growth (85).

The transition from the acclimated to the deacclimated state in
"Prunus' and 'Vitis' buds is associated with a shift of the LTE to
warmer temperatures (2, 4, 5). 1In addition, an increase in the water
content of certain tissues, e.g. flower buds (91, 122) flower bud
primordia (3) and stem tissue (122) occurs. As spring progresses and
temperatures increase, flower buds of several perennial species lose
their ability to deep supercool (2, 4, 52, 91) and become more
susceptible to injury by freezing temperatures previously considered
harmless (85). Reports in the literature attest to the dehardening
effects of warm temperatures in the post-rest period (44, 82).

Experiments directed towards understanding fluctuations in
hardiness during deacclimation confirm that once deacclimation begins,
irreversible changes in hardiness take place. For example, during
deacclimaticn grape flower buds from the cultivar 'Riesling' showed
greater cold resistance when induced at -3°C for 96 hours but failed to
reach the original level of resistance (27). This supports the work of
Howell and Weiser (44) with apple bark tissues which indicated that the
dehardening / rehardening process was only partially reversible. In
1959, Proebsting (81) observed a fluctuation in hardiness of peach
while in rest. Later, Proebsting (82) reported that hardiness of peach
flower buds fluctuated a few degrees during deacclimation and this

hardiness level was closely correlated with the minimum air temperature
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of the previous day. Investigations by Howell and Wolpert (43)
indicated that conditions which deplete grapevine reserves (inadequate
vine maintenance) reduce the bud's ability to regain hardiness during a
cold period prior to the onset of growth.

In overwintering flower buds of ‘Redhaven' peach (91) irreversible
changes in the flower bud occur, e.g. vascular xylem differentiation,
which prevents supercooling (10). Woolly thread-like tissues (76)
surrounding the bud develop upon swelling in the spring and along with
bud scales (31) provide grape buds with protection against sudden
temperature changes and desiccation (99). Callus pads in the phloem of
grapevine sieve plates, that formed to stop movement of food material
during dormancy, are dissolved upon swelling in the spring, allowing
normal sieve tube operation (116). Parker (75) reports that decreases
in the sugars sucrose, raffinose and stachyose during the spring were
related to a loss of hardiness of hardwood tree barks. Polyacrylamide
electrophoresis has shown slight decreases in several hydrolytic
enzymes of alfalfa during deacclimation (56). Photoperiod has received
little attention as to its effect on deacclimation of perennial plants,
perhaps due to the lack of major photosynthetic organs (leaves).
Photoperiodic response during deacclimation is not clear-cut but some
authors (99) hypothesize that enough long-day light penetrates the bud
scales to bring about the response within the primordial leaf tissues
inside the bud.

The evidence reviewed here substantiates that temperature appears
to be the key factor critical to the deacclimation process of perennial
plants. Investigations with some species also demonstrate the

importance of root temperature during deacclimation. The effect of
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root temperature on bud break of Cabernet Sauvignon grapevines (55)
revealed that, with air temperatures the same for all treatments, bud
break occured 4 to 7 days earlier at 20-35°C than at 11°C. Peaches, 1in
contrast, do not show this response (126).

The interactions involved in the biological processes of
deacclimation are diverse and complex and efforts to better understand

this phase should be intensified.

Pruning

Pruning is a cultural practice which needs further study since 1t
is often assumed that it might influence hardiness and acclimation,
especially if executed at an unfavorable time.

Pruning affects the physiological behavior of plants and includes
the removal of shoots, leaves, living stems, and other vegetative parts
of the plant (48, 116). Pruning involves the mechanical removal of
tissue whether by hand, chemically (48) or even burning (47). The
history of horticulture has 1avolved attempts to modify the growth of
plants by direct manipulation to achieve enhanced growth and efficient
production. Before 600 BC, the Phoenicians (and later the Romans)
engaged in grapevine pruning activities without understanding the
physiological basis for removing 85 to 98 percent of the annual growth
(116). More recently, it has been shown that pruning concentrates the
activities of the plant into the remaining parts but diminishes the
total capacity of the plant for growth and fruit production(48, 113).

A common misconception is that pruning invigorates, when actually
it has an overall dwarfing affect with only localized invigoration

occuring (48, 113, 127). This can partially be explained by the work of
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Lewis (58) and Cameron (21) with citrus trees. They investigated top
regeneration of decadent orange trees by severe pruning
(skeletonization). They revealed that severely pruned trees required
two or more years to re-establish a full complement of leaves while
lightly pruned trees (removal of all parts less than 1 centimeter in
diameter) re-established a full complement of leaves during the first
year after pruning.

The physiological responses of a grapevine to pruning are well
documented (76, 113, 116). Several authors (31, 76, 113) describe the
effects of pruning grapes as a "stunting effect"”, i.e. the removal of
living tissue decreases the capacity of the vine. This view 1s
supported by Clingeleffer (25) in that traditional pruning limits
production. He has shown that minimally pruned (only 15% of the wood
was removed) ‘Sultana' vines increased yield over 6 seasons by 60
percent compared to that of traditionally pruned (85% of the wood was
removed) vines. Similar results were obtained by Baldwin (11) and
Kimball {53). Yowever, these views fail to consider other factors such
as pest management, vine health and overall vineyard operations, eg.
thinning, spraying and harvest execution, that may be altered by this
treatment.

Pruning has been reported to cause a delay in acclimation of grape
(20), retarded spring bud growth in grape (1, 43, 60, 76) and reduced
levels of hardiness of apple (19) peach (127) and grape (29, 101, 107,
122). For example, grape cane tissue at the tips of fall pruned canes
showed more injury when frozen to -30°C than either unpruned canes or
samples extracted from the basal part of the fall pruned canes (29).

Wolpert and Howell (122) report that fall pruned ‘'Conord' vines had
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more bud mortality than unpruned controls. Subsequently, they found
more injury of buds at the tips of pruned canes than those closer to
the main trunk. This 1s consistent with reports that buds in those
positions develop first (123) and are therefore more likely to be
injured by a spring freeze (20). Grapevine buds at greater
phenological development were reported to be delayed in growth by
pruning which reduced chances of spring frost injury (43, 76).
Stergios and Howell (107) revealed that canes and buds failed to reach
proper hardiness levels on underpruned vines because too much
vegetation shaded interior nodes, producing canes and buds of inferior
hardiness. Grapevine buds on fall pruned canes showed more cold injury
than non pruned canes when the winter minimum dropped to -26°C (101).
Early investigations with apple (19) inferred that pruning per se
predisposed the trees to winter damage.

One physiological aspect common to grapevines that receives
attention during late pruning is that of "bleeding"”. "Bleeding", a
process that is not fully understood, occurs as a result of the removal
of water from the soil by the epidermal cells of the root and which,
under sufficient pressure, flows out of the xylem bundles with pruning
or injury (76, 116). This process most frequently occurs under
conditions of adequate soil molsture and warmer "spring like" soil
temperatures (113). The exudate consists of mainly water with minute
levels of hormones, cytokinins, gibberellins, sugars and other mineral
nutrients (114, 116). Initially, "bleeding" was thought to materially
injure the vine by causing irregular growth, delayed bloom and delay in
both fruit and wood maturation (31, 76); however, Weaver (113) reports

that bleeding has no harmful effects on the vine. Winkler (116) states
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that bleeding can occur in mid-dormancy by activation of root growth
with warm irrigation water (unpublished data). However, reports by
Freeman and Smart (30) indicate that root growth activity of grapevines
may be delayed as much as 10 weeks behind renewed shoot activity in the
spring, which suggests further investigations are needed.

An important aspect of pruning grapevines, of interest to several
scientists, is timing. The view that pruning can occur anytime between
full dormancy and bud break is accepted by many authors (1, 31, 76,
101, 113, 116, 118); however, late winter and early spring are times
considered optimum for pruning in colder climates (101, 116, 118).

This has been primarily based on the assumption that it is then
possible to select the most desirable canes for removal avoiding those
which might have been poorly matured or winter injured. Shaulis (101)
reports that an unpruned and mature vine in early March will show some
winter injury and the injury will not be randomly distributed over the
vine but will be less on those canes that are most mature.
Recommendations for pruning late and seliectively to decrease winter
injury are recognized by many authors (12, 29, 101, 113, 116). Wolfe
(118) noted that early pruning of large tissue such as trunks or "bull"
canes should be avoided as the wounds may split from freezing or
drying. In addition, he states that pruning cuts should be made about
2.54 cm above the last bud and discontinued at temperatures below -4°C
to prevent splitting of frozen canes.

Contrary to the view of optimum pruning time, Loomis (61) and
Magoon and Dix (64) report that no significant differences in yield or
hardiness were noted between Vitis labrusca vines pruned soon after

leaf fall and vines pruned just before the buds began to swell in the
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spring. Magoon and Dix (64) revealed that the variance due to the
different pruning dates was the least of all in magnitude and neither
in itself nor in its interaction with other factors showed significant
correlation. However, in conclusion., they reported that where winter
temperatures seldom fall below -23°C pruning may begin as soon as the
leaves abscise in the fall.

A study in Ankara, Turkey (1), involving physiological effects of
six different pruning times, revealed that with the grape cultivar
‘Hafizali' there was a significant effect in yield, berry weight,
pruning weight, sugar content and total acidity of the fruit. However,
the pruning time effect on blooming period was insignificant.

It is evident from the above findings that pruning time may
influence hardiness level, bud swell, yield, and other biological
events with the grapevine. The physiological response of grapevines
to pruning is recognized in this review as a multifaceted process that

ultimately influences the vigor and bearing capacity of the crop.

Water Content

Water in differentiated plant tissue 1s distributed between the
intracellular and extracellular spaces (57, 66, 73). Two populations
of intracellular water exist with highly different properties. '"Bound"
water is water closely associated with macromolecules and is not
available for freezing (24). This fraction of water comprises about
0.2 to 0.4 g water/g dry tissue (18). The remainder of the
intracellular water is similar to that of a dilute salt solution (6,
17, 57). Extracellular and a portion of intracellular water is termed

"free water" and is not bound per se (6, 24, 114). During cold
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acclimation there is a reduction in the amount intracellular water
(57). The reduction depends on temperature and initial solute
concentration of the intracellular water (24). It is known that as
extracellular freezing occurs, a portion of intracellular supercooled
water moves out of the cell to the growing ice crystals due to its
higher vapor pressure (6, 17, 57, 66). The resulting concentration of
intracellular solutes produces a small freezing point depression (17).

Water content of overwintering perennial plant tissues nearly
always decreases with increasing hardiness and increases as plants
deacclimate (17, 57, 73). This phenomenon has been reported with a
variety of perennial plants such as azalea (35), rhododendron (36),
blueberry (13), 'Red Osier' dogwood (18, 23, 68), peach (91, 33), sweet
cherry (3), grape (123), ‘"Saskatoon' berry (50) and several conifers
(97, 98). <Changes in water content have been associated with
photoperiod (68, 123), hardiness (1, 3, 91, 123), node position (121,
123) and pruning (122). For example, McKenzie et. al. (68) reported
with 'Red Osier ogwood (Cornus stolonifera Michx) that a significant
reduction in stem water content occurred when plants were subjected to
4 weeks of short day photoperiod with day/night temperatures at 20/15°C
respectively. Wolpert (123) also, reported that tissue water loss with
‘Concord' grape was highly correlated with short day induced
acclimation.

The hypothesis that increases in hardiness by dehydration is
partially controlled by extracellular freezing is supported by research
from Biermann et. al. (13). They artificially hydrated highbush
blueberry buds and found they were hardy to -10°C, whereas artifically

dehydrated buds were 15° hardier. Fluctuations in hardiness with peach
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(91) were correiated with seasonal changes in water content and
appeared to result from the redistribution of water during
extracellular freezing and thawing. Other investigations with peach
(93) and sweet cherry (3) revealed that a withdrawal of water from the
bud axis into the bud scales during extracellular freezing caused a dry
region at the base of the bud and prevented ice from spreading into the
primordium, allowing supercooling. Andrews and Proebsting (3)
hypothesized that supercooling of Prunus flower buds is a physical
process that is inversely related to the water content of the flower
primordium . This process may occur with Vitis species, which also
have bud scales and supercool, but this has not been investigated.

Internal changes in water content can occur. For example, the
water content of flower primordia and vascular tissues of peach
declined at constant freezing temperatures in plastic bags whereas
that of whole flower buds remained stable (91). Microscopic
observations of stem sections of 'Red Osier' dogwood revealed that the
major reduction in water content during acclimation occurred during
maturation and senescence of pith cells (68). ¥cKenzie et. a2l. (68)
also reported self-induced root suberization occurs in ‘Red Osier'
dogwood during acclimation, which lowered the permeability and
absorption of water. These changes may be protective and comprise
adaptive physiological response to unfavorable environmental
conditions.

The water content of excised buds and cane internode segments for
three distinct node positions of 'Concord' grape (121) was reported to
have significantly different values. The tissue water content of apical

tissues for both bud and cane segments were higher than either middle
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or basal tissues of the same cane. The water content of the cane
segments in all treatments was lower than that of buds. With 'Red
Osier' dogwood (68) a similar pattern during midwinter was reported in
that the water content of internodes was high near the stem apex.
Evidence that a change in water content of grape bud tissue occurs as a
result of pruning has been documented by Wolpert (122). They found
that on 2 May water content of "Concord' buds of fall pruned vines with
8 node canes were 22% greater than those of buds from the same node
position on unpruned vines.

It can be concluded from the above that sampling location (node
position), photoperiod, pruning, and temperature may influence the
water content of certain perennial plant tissues during the

overwintering period.

Research Objective

Because very little is known about deacclimation of grapevines,
the objectives of this work were to provide solid quanitative data on
key aspects of pruning and deacclimation of grapevines and,
specifically to answer the following questions:

1.) Will pruning during deacclimation affect the ability of either
bud or cane tissue to supercool or alter the water content of these
tissues?

2.) If a reduction is evident, will the effect be more localized
near the pruning cut or more generalized throughout the vine?

Demonstrations of winter injury due to early pruning in a hardy
cultivar such as ‘Concord' have serious connotations for more cold

tender cultivars such as Vitis vinifera ‘Merlot' (2, 92). ‘Merlot' was
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the cultivar selected for this study because of its economic importance
and enological qualities in the colder 'border line' witicultural
areas. The occurrence and extent of reduced hardiness as a resulit of
early pruning would influence recommendations on vine management. How
early one can safely begin pruning is an important viticultural

consideration in these locations where late winter injury potential is

high.
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COLD HARDINESS AND WATER CONTENT DURING DEACCLIMATION OF GRAPEVINE BUD
AND CANE TISSUE.

Introduction

The transition from the acclimated to the deacclimated state in
‘Prunus’' and 'Vitis' buds is associated with the occurrence of Low
Temperature Exotherms (LTEs) at increasingly warmer temperatures (3, 5,
6). As spring progresses and environmental temperatures increase,
flower buds of several perennial species lose their ability to deep
supercool (3, 6, 23, 42) and become more susceptible to injury by
freezing temperatures previously considered harmless (39). Reports in
the literature attest to the dehardening effects of warm temperatures
in the post-rest period (20, 37). Fluctuations 1in hardiness occur
during deacclimation (37) and experiments directed towards
understanding these fluctuations confirm that once deacclimation
begins, the rehardening process is only partially reversible (13, 20).

Vater content of overwintering perennial plant tissues, e.g.
flower buds (42, 56) and stem tissue (56), nearly always decreases with
increasing hardiness and increases as plants deacclimate (10, 24, 34).
This phenomenon has been reported with a variety of perennial plants
such as azalea (16), highbush blueberry (9), dogwood (31, 33), peach
(42), ‘'Saskatoon' berry (22) and grape (57). An inverse relationship

between tissue water content and cold hardiness has been reported early
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in the acclimation period for 'Concord' (55). Water content changes
have been associated with photoperiod (31, 57), node position (55, 57)
and pruning (56). For example, McKenzie et al. (31) reported with ‘Red
Osier' dogwood that a significant reduction in stem water content
occurred when plants were subjected to 4 weeks of short day photoperiod
with day/night temperatures at 20/15°C respectively. Wolpert (57) with
‘Concord' grapevines reported that tissue water loss was highly
correlated with short day induced acclimation. A change in water
content of grape bud tissue as a result of pruning has been documented
by Wolpert and Howell (56). They also report more injury of buds at
tips of pruned canes than those closer to the main trunk.

The view that grapevine pruning can occur anytime between full
dormancy and bud break is accepted by many authors (1, 15, 35, 45, 50,
51, 54); however, late winter and early spring are times considered
optimum for pruning in colder climates (45, 51, 54). This has been
primarily based on the assumption that it is then possible to select
the most desirable canes for removal avoiding those which might have
been poorly matured or winter injured. 4agoon and Dix (30) recommended
that growers in colder sites wait until the danger of heavy freezing is
past before pruning, even though they could find no significant
differences in yield or hardiness between Vitis labrusca vines pruned
soon after leaf fall and vines pruned just before the buds began to
swell in the spring. Pruning has been reported to cause a reduction
in the hardiness of apple (11), peach (58) and grape (45, 47, 56).
Stergios and Howell (47) revealed that canes and buds failed to reach
proper hardiness levels on underpruned vines because shading produced

canes and buds of inferior hardiness. Pruning in the fall can cause a
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delay in acclimation of grape (12) whereas spring pruning has teen
reported to retard bud growth (1, 19, 29, 35).

This study was developed to provide quanitative data on key
aspects of pruning and deacclimation of grapevines and specifically to
address the following questions:

Will pruning during deacclimation affect the ability of either bud or
cane tissue to supercool or alter the water content of these tissues?
If a reduction is evident, will the effect be more localized near the

pruning cut or more generalized throughout the vine?

Materials and Methods

Plant Materials:

Experiments were conducted on Vitis vinifera L. cv. Merlot dormant
bud and cane tissue during a 5 week period beginning 21 March and ending
18 April, 1987. Tissues were obtained from vines grown at the Orchard
Mesa Kesearch Center, Grand Junction, lolorado (elevation 1397 neters)
or from a commercial vineyard 7.2 kilometers east of the research
center. The climate of this region typically provides a growing season
of 182 frost free days. Vines were of bearing age (6 and 11 years) and
recommended viticultural practices (54) were used at both sites. The
vines were grown on a deep Mesa clay loam soil with moderate fertility.
The primary sampling criterion was cane maturity, based on tan or brown
periderm color (17). Canes were from the exterior of the canopy and
weak or vigourous "bull" canes were excluded as well as those with any

apparent physical defects. The node or internode positions on the cane
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from which the sample was taken were numbered from the base of the
shoot. The numbers represent either a fruiting bud (node) or cane
tissue (internode) which was adjacent to the respective node. The
sample material for all artificial freezing tests consisted of cane
cross sections split longitudinally in half measuring 1.5-2.0 cm in
length and taken from the middle portion of the designated internode.
Excised buds included subjacent nodal material up to 3 mm thick and 1.5
cm in length, as recommended by Quamme (41). The sample material for

water content (Exp. 2) was the same except that cane cross sections were

not split.

Thermal Analysis:

The apparatus used for measuring freezing events by thermal analysis
(TA) was similar to that described by Wolf (53) and Andrews et.al.
(4) and is shown in schematic diagrams (Fig. 1 and 2). Exotherms were
detected by thermoelectric modules (TEM) from MELCOR, (Trenton, N J)
which consisted of multiple semiconductor junctions connected in series
and fastened between thin ceramic plates (Fig. 3). The TEZM modules were
designed as thermoelectric heat pumps, providing refrigeration
capabilities from very low voltages such as those generated from solar
cells. When being used as heat pumps, heat is absorbed at the cold face
(Fig. 3) and is pumped to the hot face at a rate proportional to the
current passing through the circuit and the number of junctions. The
thermoelectric module used was an 18 junction FC series (FC 0.6-18-06L)
which was 2.7 mm thick with cold face dimensions of 6.2 x 6.2 mm and hot
face dimensions of 6.2 x 8.3 mm (Fig. 3). When being used as a

temperature sensor, the live samples were placed on the cold face of the
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TEM to provide maximum sensitivity temperature change. The TEMs were
connected to an analog to digital converter (ADC-1) from Remote
Measurement Systems, Inc., (Seattle, W) and the analog outputs from the
eight TEMs were converted to digitized microvolt output. The ADC-1 was
controlled by a portable micro-computer (TRS 80 model 100 Radio Shack)
programmed to printout the microvolt values every 3.5 seconds. The
microvolt printout was converted to temperature (°C) from the National
Bureau of Standards thermocouple reference tables (49).

The sample chamber was a 0.75 kg aluminum block and 1id (Fig. 2).
The sample chamber acted as a temperature stabilizing heat sink.
Insulating the sample chamber with styrofoam chips and a cardboard box
resulted in a cooling rate of -17.5°C per hour, which has been used for
grape thermal analysis (36). Ten equally spaced 15 by 37 mm holes were
bored in the block and lined with 15 mm nalgene centrifuge tubes. The
TEMs were positicned to hang by the 22 gauge copper lead wires through
3.17 mm drilled holes in the 1id, centered over the nalgene lined bored
holes. Each 22 gauge lecad wire was soldered to 152 cm of 18 gauge
copper wire and connected to the ADC-1.

A freezing run consisted of eight excised dormant grapevine buds or
canes that were individually fastened with small strips of Parafilm™
to the cold face of the TEM, with dry tissue of similar mass fastened in
the same manner to the hot face (Fig. 3). Bud and cane tissues were
positioned such that their longitudinal cut surfaces were in contact
with the ceramic face of the thermoelectric modules. Unless otherwise
stated, the sample tissue was then innoculated with ice nucleation
active (INA) bacteria (see Exp. 4) to promote the occurrence of HTEs

distinct from LTEs. The eight prepared TEMs were inserted into the
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individual bored holes of the block along with one 24 gauge type T
thermocouple with dry tissue to measure internal block temperature. The
insulated block was placed in an ultra-low Revco (model ULT-659) chest
freezer which was held at -75°C. Freezer air temperatures were
monitored with a 24 gauge type T thermocouple on the tenth channel of
the data aquisition system. The sample chamber was removed from the

freezer when sample temperatures reached -35°C, which typically required

3 hours.

Experiment 1: Hardiness of Cane and Bud Tissues in Relation to Pruning,

Date and Position.

Bud and cane tissue of four different vines of ‘Merlot 'were sampled
weekly during deacclimation (5 dates) and subjected to artificial freeze
tests. Hardiness at four internode positions within a fruiting cane was
examined. Positions 4, &, 11, and 14 of each cane were tested
throughout the experiment. To facilitate data entry and presentation of
experiments 1 and 2, tissue positions 4, 8, 11, and 14 were respectively
assigned numbers 1, 2, 3, and 4. The 5 sampling dates for experiments 1
and 2 were as follows: 21 March, 28 March, 4 April, 11 April, and 18
April, 1987. Pruned canes were cut 6 to 10 mm beyond position 14 one
week prior to removal, based on results from experiment 5. A pruning
interval of 7 days was used throughout the experiment to allow for any
climatic or physiological changes that may occur during deacclimation.
Between 6:45 and 7:30 AM on each date, four canes from each vine were
removed, wrapped in plastic bags and if not immediately used, held at

1.0 to 2.0°C. Of the four canes removed, two canes (pruned and
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unpruned) were used for bud samples and the other two canes (pruned and
unpruned) were used for cane tissue samples. On each sampling date,
four buds or canes were tested for hardiness within 56 hours of being
removed from the vine. Each combination of node position and pruning
treatment was replicated four times. The data were analyzed with SPSS
(46) as a split plot, four factor factorial design with whole plot
factors being "vine" and "date" and subplot factors being "pruning” and
"position". Polynomial contrasts were run for any linearity that might
be present.

The split plot four factor factorial was used throughout experiment
1 and 2, and herein will be referred to as the statistical analysis or
analysis. Significance, if not otherwise stated, represents the p =

0.05 level.

Experiment 2: Water Content.

Subsequent to each freeze test in Exp.l, fresh weight oI the same
canes was determined by removing two buds or cane tissues adjacent to
the respective freezing tissue positions, placing in glass vials and
immediately weighing them. Tissues were then oven-dried for 36 hours at
75°C and reweighed. This duration was determined by the no change in
weight method. Water content was calculated by difference after
correction for vial weight and expressed as g water/g tissue dry weight.
The data were analyzed as described in Exp. 1 with the response variable

being water content.
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Experiment 3: Refrigerated Storage.

Sample canes for experiment 1 were routinely cut at 7:00 AM and
either subjected to artificial freeze tests immediately or wrapped in
plastic bags and held at 1 to 2°C for up to 2 days. To determine if
storage for this duration altered hardiness and therefore LTEs, a TA
test compared buds of canes immediately cut verses stored canes. On 24
March, 1987 four different grapevines of the cultivar 'Semillon' were
selected with two buds of each cane analyzed. Two canes of each vine
were tested immediately and two after 56 hours of storage in plastic
bags at 1-2°C. Bud LTEs were determined as in experiment ! The data

-

were analyzed with MSTAT (32) as a randomized complete block design.

Experiment 4: Inoculation with Ice Nuclei.

Inoculation with ice nuclei was necessary (52) and the approach used
in all TA tests was to inoculate with ice nucleation active {(INA)
hbacteria Pseudomonas syringae 'Cit 7'. This experiment was designed to
quantify the effect of INA on the HTE temperatures in buds. Zight
excised buds from a cane of the cultivar ‘Semillon' (positions 4, 5, 7,
8, 10, 11, .3, 14) were grouped in pairs. Each pair consisted of
adjacent buds of which one was inoculated immediately prior to freezing
with an aqueous suspension of freeze dried INA bacteria (freshly
prepared each day). The buds were subjected to artificial freezing
tests and the temperature at which HTEs occurred was evaluated. The
data were analyzed with MSTAT (32) as a randomized complete block

design.
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Experiment 5: Interval from Pruning to Freezing Test.

A test was performed to be confident that the 7 day interval used
in experiment 1 didn't fail to detect some impact of pruning on
hardiness that would have been detected by use of either shorter or
longer intervals. Pruning intervals of 0, 3, 7, and 14 days were
compared for their effect, if any, on supercooling. One cane from four
different ‘Merlot' grapevines was pruned 6 to 10 mm beyond bud 14 on
each of the above time intervals prior to the freezing test. LTE values
of bud 14 and stem segments of internode 13 of each treatment. the
positions closest to the cut, were evaluated with MSTAT (32) as a two

way ANOVA using vines as replicates.

Experiment 6: Temperature-Survival Curve (Tso).

Since all controlled freezing experiments tested tissue hardiness by
use of Thermal Analysis (TA) using the data aquisition system
previously described, a test to verify the method and system was needed.
Once the TA system was shown to accurately detect exotherms, verifying
that the exotherms do in fact indicate tissue hardiness was the next
step.

The Tso viability test was based on the temperature-survival curve
method (40), and was selected for comparison to LTE values in the TA
method. The sample material for the Tsoe consisted of 100 mature
"Merlot" canes that were randomly selected thoughout the 3 acre Price
vineyard. The canes were trimmed to contain 8 buds within positions 4

to 14. Five canes comprised a bundle with 10 bundles per replicate.
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experiment was performed twice (21 March and 1 April) with 2 replicates
per date. Subsequently, on the same dates, four canes from 4 different
vines were selected from the same vineyard for comparative analysis by
the TA method. Buds 8 and 14 were evaluated. The bundles were cooled
at 2°C/hr. Bundles were removed in 2° decrements bracketing a
temperature predicted to be lethal to 50% of the primary buds. Buds
were sectioned after being held for 12 hours at 2°C and 48 hours at room
temperature and examined for primary bud viability on the basis of
tissue browning (99). The temperature lethal to 50% of the sample
population (LT39) was determined by curve fitting, a process giving

results similar to probit analysis.

Experiment 7: Water Content Uniformity.

Because of the importance of node position in studies in experiment
1, water content of buds and cane segments of the same cane was
determined by using tissues other than those used for freezing runs (eg.
positions 3 and 5 or 12 and 13). This was based on the fact that some
bud scale or bark tissue from freezing runs used in experiment 1 would
dislodge from hand manipulaticn during TEM attachment and fail to give
accurate measurements. Using five "Merlot' grapevines, water content
for both buds and canes was determined (as described in Exp. 2) for
positions 4, 5, 6, 12, 13, and 14. The data were analyzed with MSTAT
(32) as a randomized complete block design (using the five vines as

replicates).
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Experiment 8: Cultivar Comparison.

Low temperature exotherms of two different Vitis vinifera cultivars,
‘Merlot' and ‘Semillon' were monitered over four different dates during
deacclimation. LTEs of both bud and stem tissue from position 8 were
observed. Differences in hardiness and patterns in deacclimation
between cultivars were compared (Fig. 8). The air temperature data was
recorded on a CR21 Data Logger. The data were analyzed with MSTAT (32)

as a randomized complete block 2 factor factorial split plot design.



Results and Discussion

Experiment 1: Hardiness of Cane and Bud Tissues in Relation to Pruning,

Date and Tissue Position.

Prior to a consideration of the effect of pruning on hardiness it
would bte helpful to consider the 1nfluence of bud or internode
position on the cane relative to hardiness over the five week time
course of this study. The statistical design used was a split plot
four factor factorial with whole plot factors being "vine" and "date"
and subplot factors being "pruning' and "position'". Polynomial
contrasts were run to determine if any linear responses with these
factors were present. For either bud or cane tissue no interactions
involving pruning, date, and vine were observed so the analysis can be
simplified by combining some factors when examining others. Yo
independent vine effects were observed, either, so inter-vine
variability or variability with interactions of the above need be given
no further consideration. Exp. 1 procedures were validated by a series
of tests (see Exp. 3, 4, 5, and 6 below).

Low Temperature Exotherms for both bud and cane tissue for 21 and
28 March, and 4, 11, and 18 April, 1987 are presented in Figures 4 and
5. Note the relatively greater influence of position on the cane for
internode samples (Fig. 5) compared to buds (Fig. 4). Also note the

much greater sensitivity of buds to the subfreezing temperatures
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between 21 March and 28 March. To focus on the influence of each of
the two factors (sampling date and cane position) on hardiness, Tables
la and 1b list mean LTEs, combining all levels of one factor when
analyzing the other. This simplification was possible due to the lack
of significant interaction between the two. Each factor's influence on
LTE was almost the same for either pruned or unpruned canes
(interaction not significant) but pruning treatments are separated in

these tables for completeness, since pruning is the main factor in this

study.

Sampling Date Effects:

For cane tissue (Table la.) a clear deacclimation trend occurred,
which the contrast analysis indicated was linear. The differences
between early and later dates were significant (p = 0.5).

For grape buds, the hardiness was very dynamic during this
deacclimation period. The statistical analysis for bud hardiness
(Table 1b.) resulted in a significant separation between each sampling
date and the next. March 28 was significantly different from ail
other dates and had the most negative mean LTE temperature (-23.2°C).
This increase in hardiness compared to the previous week was not
surprising following six days of unseasonably cold weather. This
reacclimation phenomenon is not uncommon and has been observed with
apple (43), peach (37), and grape (44). Reacclimation in grape was
previously reported (44) to have occurred after a three day cold period

in mid February with the cultivar 'White Riesling’'. April 18 had the
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most positive mean LTE temperature (-9.8°C), following the expected
decrease in hardiness which accompanied seasonal warming of air and
soil and visible bud swell.

In this study, both cane and bud tissue responded to weekly
increases in air temperatures; however, bud tissue appeared to be more
sensitive and responded more quickly than cane tissue. One can
speculate that either cane tissue re;ponds more slowly than bud tissues
to fluctuations in air temperature or some other factor such as
increasing photoperiod triggers the loss of hardiness in cane tissue.
It has been reported that potted 'Concord' gjrapevines, when given a
night interruption of white light, were generally less hardy than those
exposed to naturally decreasing daylengths (57).

Buds lost much of their capacity to supercool by early bud swell
(18 April) when the LTEs began to disappear or were completely
overshadowed by the HTEs which occurred between -5 and -8°C. This was
not true with cane tissue, where the mean LTE for 18 April for both
pruned and unpruned tissues was -18.29C. They were beginning to lose
hardiness rapidly though, judging from the 23 April measurements for
Exp. 8 (see below). This demonstrates that canes are hardier than
buds and retain the capacity to supercool further into the time of
renewed growth. The combined overall mean for pruned and unpruned buds
averaged over all dates was -16.4°C whereas cane tissue was -21.59C.
The fact that buds were less hardy than canes supports previous work
with hardiness of ‘Concord’' vines in mid winter (18). Cane hardiness
measurements were not continued beyond this date since the information

would be of only minor viticultural significance.
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Loss of canes to freeze injury at this late developmental period is
very unlikely and there are no known observations of impacts on
hardiness from pruning then.

Positional Effects

Differences in hardiness along the cane were noted with stem
tissue. Mean separation tests for the cane position factor (Table la.)
showed that positions 1 and 2 (near the trunk) were slightly but
significantly hardier than positicns 3 and 4, which were more distal.
Unlike cane tissue, significance between positions was not demonstrated
with bud tissue (Table 1b.). Generally, the influence of position on
hardiness appears to be more easily distinguished with canes tian buds
(Figures 4 and 5) and may be related in part to the overall higher
water content of canes (see Exp. 2). From this study it can also be
concluded that cane positions nearest the trunk (i.e. position 1) are
slightly hardier than those further away, which is consistent with
previous work involving grape bud tissue in the fall and mid winter
(12, 17, 21, 56). This pattern, however, was not observed with bud
tissue 1n this study and therefore cannot augment those previous
observations. The positional bud hardiness observed may represent
greater complexity of responsiveness to the environment during the
deacclimation period (see Exp. 2).

Pruning Effects

The influence of pruning on cane and bud hardiness, the central
subject being studied here, was found to be negligible. Pruned canes,

averaging all dates and positions, had an LTE value of -21.6°C and
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unpruned canes had a mean value of -21.4°C (Table 6). There was also
no observed effect of pruning when each position was examined
individually, including position 4, which was adjacent to the pruning
cut.

The overall mean bud LTE (Table 7) was -16.5°C for pruned and
-16.4°C for unpruned canes which did not differ significantly. This
was also true for each cane position, averaged over the five dates; all

mean LTEs were within 0.3°C of -16.45°C whether canes were pruned or
not.

It was evident from this study that pruning did not significantly
influence the loss of hardiness 1n either bud cr cane tissue.
Previous reports that pruning decreases hardiness of grape (14, 45, 56)
were not confirmed in this study during the time period of greatest
interest. It can be concluded from this study that during the time
period covered, the hardiness of "Merlot' tissues was not influenced by
pruning. This suggests that pruning could possibly begin at least five

weeks earlier than currently recommended in seasons like 1987.

Experiment 2: Water Content

As 1n Exp. 1, it will be helpful to consider the influence of bud
or internode position and water content over the five week time course
prior to a consideration of the effect of pruning. The statistical
design used was a split plot four factor factorial with whole plot
factors being "vine" and "date" and subplot factors being "pruning" and

"position". Polynomial contrasts were run to determine if any linear
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responses with these factors were present. No independent vine
effects were observed so inter-vine variability need be given no
further consideration.

Percent water content (g water/g dry tissue) * (100) for both buds
and canes on 21 and 28 March, and 4, 11, and 18 April, 1987 are
presented in Figures 6 and 7. Note the relatively greater influence
of cane position on water content of internode samples (Fig. 7)
compared to buds (Fig. 6). Also note the much greater rate of increase
of cane water content between 4 April and 18 April. To focus on the
influence of each of the two factors (sampliing date and cane positicn)
on water content, Tables 2a and 2b list mean percent water content,
combining all levels of one factor when analyzing the other. Pruning
treatments are separated in Tables 3, 4, and 5 for completeness, since
the analysis indicates an interaction involving pruning and position
with bud tissue and a pruning by date interaction with cane tissue.

The date and position effects were each identified by polynomial
contrast as being linear. WVater content in measured buds and canes may
be properly equated with that of adjacent like t:issues for purposes of

relating it to hardiness, given the results of Exp. 7 (see below).

Sampling Date Effacts

Cane water content changes during the five week time course were
more dramatic and somewhat more complex than cane hardiness changes 1in
Exp. 1. Percent water decreased 4.3% in cane segments at each position
from 21 to 28 March (Fig. 7). This 4.3% nonsignificant decrease in
cane water content (Table 2a.) was hypothesized to be a response to a

six day cold period. Percent cane water content returned to a level
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similar to 21 March on 4 April. This period of relatively stable water
content reinforces the results of Wolpert and Howell (56) with
‘Concord', where cane water content changed very little between 5
February and 5 April. However, this study revealed that from 4 to 18
April the cane water content for all four positions increased an
average of 22.8% and differed significantly between all three dates
(Table 2a.).

For buds, water content also underwent significant change with
date (Table 2b). Buds on 21 March, had the highest water content
(83.9%) and the 7.6% decrease on 28 March was significant and persisted
for another week, unlike cane tissue (Table 2a). While bud water
content did increase during the final two weeks, the 7.6% gain was mnuch
smaller than the 22.8% increase for canes. It may be that
deacclimation of buds is associated with a redistribution of water or
hydration of the very small bud axis only, rather than a large increase
in bulk water content. The larger change during the first week was
noteworthy, but probably cf more relevance to the behavior of hardy
buds during the winter than to the deacclimation process.

Positional Effects

The above observation that the five week time course apparently
spanned two physioclogical processes, a dehydration response to low
temperature and then rapid hydration after 4 April, suggests that when
examining mean water content in relation to position it might be unwise
to combine all five dates within each mean. Since this study focused
on deacclimation, only the final three dates, 4, 11, and 18 April, 1987
were combined (Table 2a). The significant influence of cane internode

position on water content is evident. Position 1 had the lowest mean
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water content (92.9%) and it was higher at each distal position up to
4, which had the highest water content (102.7%). Position 4 also had
the greatest increase in water content from 4 to 18 April (30%) and
position 1 had the smallest increase (16.6%) (Fig. 7). Position 1
always had lower water content than all other positions, which 1is
consistent with work by Wolpert (57).

The position of buds (Table 2b.) did not affect the water content
significantly when averaged cver date and pruning treatment. The range
was 77.5 to 80.0%. It appears that bud water content is relatively
independent of cane tissue water content. This parallels the earlier
observation that bud hardiness did not differ with position even though
cane hardiness did differ slighty (Table la.).

Pruning Effects

The above conclusions on the effect of bud and internode position
on water content, where pruned and unpruned samples are combined, would
have been the same whether all five dates or just the last three were
averaged. With the smaller sample size when pruning treatments are
separated (Tables 2a and 2b), the effect of combining data from the
dehydration and hydration phases did alter the apparent effect of
pruning on both buds and canes. The analysis of pruning effects by
position (Tables 4 and 5) therefore used only the last three weeks of
data. The overall effect of pruning averaged over all positions and
the last three dates was to reduce cane water content 2.1% which was
significant (Table 5). Pruning did result in a significant interaction
7ith both position and sampling date. The single significant site of
pruning influence was position 4, where pruned tissue had a 5.5% lower

water content. That the bud nearest the pruning cut would experience
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dehydration seems reasonable; however, it may be more correct in this
case to say that pruning slows hydration, just as it appears to have
slowed dehydration on 28 March (Table 3). Looking at pruning effect on
cane water content over date, the most instructive statistic is the
weekly change in water content of pruned verses unpruned canes (Table
3). Note that the change is the difference of each from the unpruned
canes of the previous week, since that represents the population from
which both unpruned and pruned canes were drawn. On 11 April, the date
of most rapid hydration, water content of cane internodes increased an
average of 16.6% compared to about half ‘hat amount for pruned canes.
Then the hydration process slowed and pruning had no effect. Pruned
canes were 8.1% lower in water content on 11 April than unpruned canes.

Pruning had no significant effect on bud water content when
averaging all observations (Table 4, overall). However, pruned buds
at each position were slightly lower in water content, and the
difference was even significant at two positions. This may be a
reflection of the overall 2.1% reduction in cane water content. The
observation by Wolpert and Howell (56) that on 2 May the water content
of buds of fall pruned vines with 8 node canes was 22% greater than
those of buds from the same node position on unpruned vines appears to
contradict this finding. However, it 1s likely that on canes which had
been pruned for months that node 8 buds would behave like distal buds
and hydrate sooner than node 8 buds on longer canes.
Conclusions

The time course of this study appeared to span two physiological
processes. The first was a re-acclimation response to low temperature

from the 21-28 March observations, which is more pertinent to dormant
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bud and cane behavior, and the second, which began with the 4 April
observations, was deacclimation. Apparently the deacclimation and
hydration processes observed are responding to temperature and possibly
photoperiod since daylength increased during this 1investigation.
However, to more confidently determine whether these processes do
respond to both environmental factors, a study quantifying these
parameters in controlled environments would need to be developed.
Experiments 1 and 2 provide evidence that the two tissues studied
(buds and canes) respond separately and can maintain differences in
hardiness and water content. Cane tissue had lower LTEs than bud
tissue on every date and at every position and overall (combining all
dates and positions) was 5°C hardier than for buds. The water content
for both tissues increased after 4 April and overall (combining all
dates and positions) was 13.3% higher for canes than buds. Cane
positions more distally oriented, whether canes were pruned or
unpruned, were found to be slightly less hardy than those nearest the
trunk. The change in cane hardiness levels with position although
slight (Table 1a, ? + U), was inversely related to the water content
levels (Table 2a, P + U). This relationship between water content and
hardiness of canes is consistent with previous reports (10, 24, 56)
which support the hypothesis that as water content increases, hardiness
decreases. For buds, position had no affect on either hardiness or
water content of either the unpruned or pruned treatment (Tables 1b,
and 2b). Pruning did not influence the loss of hardiness in either bud
or cane tissue but did have a slight water content affect (slowing
hydration) on cane tissue. On 11 April pruned canes were 8.1% lower in

water content than unpruned canes.



This research provides a better understanding of tissue hardiness
and water content of Vitis vinifera cv. "Merlot' during the finail
stages of deacclimation and shows how little influence pruning has on

these parameters.

Experiment 3: Refrigerated Storage

Buds from two positions on canes of the cultivar 'Semillon' were
subjected to artificial freeze tests as in Exp. 1, except that i direct
comparison of LTEs was made between freshly sampled buds and those
stored at 1 to 2°C for up to 56 hours. The experiment was designed to
duplicate the maximum storage time of 56 hours typically used
throughout Exp. 1. The mean LTE value for the 24 March (fresh) tissue
was -21.2°C whereas the 26 March (stored) tissue was -21.6°C. These
were not significantly different (p = 0.05). Therefore, the 56 hour
storage time required for adequate freezing test replication was not a

source of error.

Experiment 4: Inoculation with Ice Nuclei

Tissue samples in all thermal analysis (TA) tests were inoculated
with Pseudomonas syringae 'Cit 7'. This epiphytic Ice Nucleating
Active (INA) bacteria is reported by Lindow (25) to be a very efficient
ice nucleator, typically active between -2 and -5°C. The temperature
at which ice formation is initiated within plant tissues 1s of
considerable current interest (2, 7, 8, 25, 26, 27, 28, 38, 52) and was

important in this study. Ashworth (7) suggests that seeding a tissue
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not fully hardened (e.g. in early spring or early fall) with a
nucleating agent prior to TA testing can result in a more direct
reflection of the tissue's true capacity to deep supercool.

A study using paired ‘Semillon' buds was developed to quantify
the influence of INA bacteria on High Temperature Exotherm (HTE)
temperatures. Inoculation of 'Semillon' buds with Ice Nucleating
Active (INA) bacteria 'Cit 7' significantly (p = 0.05) raised the mean
bud HTE temperature from -9.2°C for the untreated buds to -6.4°C. This
effect occurred at all four positicns along the cane. The use of
bacterial nucleators was therefore not only very effective but also a
simpler method than those previcusly reported (7, 41, 55).

To conclude, nucleation of excised ‘Merlot' and ‘"Semillon'
bud/cane tissues with INA bacteria improved the ability to distinguish

non-lethal HTE temperatures from lethal LTE temperatures. TiL. =nabled

TA tests to be continued further i1nto the onset of spring growth.

Experiment 5: Interval from Pruning to Freezing

This experiment was designed to identify a pruning interval for
Exp. 1 most likely to influence hardiness but not so long as to allow
recovery. The 3 and 14 day pruning intervals were tested 27 March and
the 0 and 7 day intervals were tested 28 March, 1987. The LTE values
obtained for all four pruning intervals did not differ significantly ip
= 0.05) for either buds or canes. Since canes and buds were tested

independently, their values were not compared statistically.
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This experiment shows that the pruning interval was not critical
for either canes or buds. An 1interval of 7 days was chosen for

convenlience.

Experiment 6: Temperature - Survival Curve (Tso)

The object was to verify that the LTE temperatures detected by the data
aquisition system (Fig. 1) do in fact represent tissue hardiness.

The Tso curve fitting method for the 21 March data resulted in a
value of -18.9°C. A probit analysis., which 1s somewhat more objective,

gave a Tso value of -19.0°C for the same data. validating the curve
fitting approach. The median LTE temperature for the same date using
the Thermal Analysis (TA) method was -16.5°C, a difference of 2.4°C
from the Tso curve method.

The Tso curve fitting method for the 1 April data resulted in a
value of -18.9°C, with a probit analysis value of -18.6°C. The median
LTE temperature using the TA method for that date was -17.5°C, a
difference of 1.4°C from the Tso method.

It was evident from this study that the T=o values did not
precisely match the thermal analysis LTE values., but they were
reasonably close. These results are similar to the report (3) that the
Tso values of Vitis vinifera cv. White Riesling' were 1.3°C lower than
the LTE values. Quamme (41) reports similar findings with several
cultivars of grape. The consistently lower Tso values obtained in
these studies may be due to the influence of cane tissue, which has
considerably less mass in the TA method. Only a small section of stem
tissue need be included with buds to achieve full expression of

supercooling of grape (41) and peach buds (43) with the TA method,
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while bundles of 10 four node canes are typically used with the Tso
proceedure. Furthermore, freezer alr temperature rather than tissue
temperature was used as a guide for the Tso test. So 1t is probable
that the TA method 1s a more meaningful measure of hardiness.
Precision 1s good. much less tissue 1s required, execution time 1s
less, and it is at the very least a very good measure of relative

hardiness when comparing treatments or cultivars.

Experiment 7: Water Content Uniformity

Water content uniformity among speciiic positions within canes of
‘Merlot' was investigated to determine whether the water content of a
bud or cane internode used to measure hardiness could be equated with
that of adjacent buds or internodes. Use of adjacent sites for Exp. 2
was necessary because hand manipulation could dislodge some bud scale
or bark tissue from Exp. 1 samples during attachment to the
thermoelectric sensors (TEMs), and i1ntroduce a source of error if the
same tissues were 1sed for measuring water contents. S3ud and cane
node/internode positions 4, 5 and 6 were compared, as were positions
12, 13, and 14. The results of the statistical analysis indicate that
there were no significant diiferences 1n water content (g Hz20/g dry

tissue) among either buds or canes from positions 4, 5, and 6. Bud and

cane positions 12, 13, and 14 were also not significantly different at



the p = 0.05 level, providing confidence that node/internode positions
adjacent to each other (Exp. 1 vs. Exp. 2) did not differ csignificantly
1n water content.

Experiment 8: Cultivar Comparison

This experiment was developed to generalize some conclusions drawn
from Exp. 1 beyond the cultivar ‘ierlot', since cultivar differences do
exist (3). Hardiness differences of the Vitis vinifera cultivars
'Merlot' and ‘'Semillon’' (Fig. 3) were compared over four dates (25
March, 8 April., 15 April, and 23 April 1287).

In both cultivars, buds lost hardiness faster than canes. Cane
tissue was only slightly hardier than bud tissue on the first date, 25
March (mean cane LTE = -22.8°C vs. -21.7°C for buds). Hardiness ot
both tissues decreased by the final date, 23 April (mean cane LTE =

-13.9C vs. -7.59C for buds). These changes with time were
significant for both "Merlot' and Semillon'. Overall, canes appear
to be the hardier tissue ({(mean cane LTE temperature for both cultivars
= -17.59C while the mean bud LTE temperature of both cultivars =
-13.29C) which parallels findings by Wolpert and Howell {55) that carly
winter, dormant grape buds are more susceptible to freezing injury than
dormant canes. Given that buds are usually the more temperature
sensitive of the two tissues, this study found little nardiness
difference between ‘Merlot' (mean LTE = -13.3°C) and 'Semillon' (mean
LTE = -13.1°C) during this deacclimation period. However, i1 small but
significant difference was observed with canes in that "Merlot' tissue
(mean LTE = -18.2°C) was hardier than 'Semillon' ftissue (mean LTE =

-16.9°C).



Figure 1.

A schematic of the Thermal Analysis (TA) data aquisition system
used throughout the study. The analog sensor values (in microvolts)
are converted to digitized output via the Analog to Digital Converter

(ADC-1). A computer controls operation of the ADC-1 and printer.
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Figure 2.

A diagram of the ten hole aluminum block sample chamber used in

all controlled freezing experiments. The Thermal Electric Modules

(TEM's) are shown as they would appear tefore tissue attachment

9).
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Figure 3.
Tissue attachment to a Thermal Electric Module (TEM) sensor.
Sample tissue is attached to the cold face of the TEM (see text)

parafilm.

using
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Figure 4.

Hardiness (LTE's, where values higher on the v axis are more
negative and represent greater hardiness) orf lferiot' jJrapevine primary
buds. Buds from four positions along the cane were compared during a
five week period (21 March to 18 April, 1987) when vines are typically
deacclimating. Daily maximum and minimum air temperatures are also
shown (T MAX. and T MIN.). Bud positions which were 4, 8, 11 and 14
nodes from the trunk are labelled and referred to in the text as bud
positions 1, 2, 3 and 4 respectively. Pruned and unpruned cane
tissues were combined and each point represents the mean of 3

replications.
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Figure 5.

Hardiness (LTE's, where values higher on the y axis are more
negative 3nd represent greater nardilness) or Meriot' jrapevihe caine
tissue. Zane 1internode tissue from four positions along the cane were
compared during a five week pericd (21 March to 18 April, 1987) when
vines are typically deacclimating. Daily maximum and minimum air
temperatures are also shown (T MAX. and T MIN.). Internode

positions which were 4, 3, 11 and 14 nodes from the trunk are

(=)

labellad and referred to in the text

f#}

s internode positicns 1, 2,

(OF]

15

and 4 respectively. Pruned and unpruned ciane tilssues were ccmbinad

ind zach roint respresents the mean of 3 replications.
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Figure 5.

3ud percent water content ‘3 water/qg dry tissue; * (100)
along four node positions of ‘Merlct' grapevines during a five week
deacclimation period (21 Mar. to 18 Rpr., 1987), plus daily maximum
and minimum air temperatures (T MAX. and T MIN.). Bud positions
labelled 1, 2, 3, and 4 represent the average watar content of pairs
cf buds adjacent to the bud used for freezing tests. Pruned and
unpruned buds were combined and =ach point rzpresents the mean orf 2

replications.
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Cane percent water content '3 water/g dry tissue) * 100)

along four interncde positions of Meriot' grapevines during a rfive
week deacclimation period (21 Mar. to 18 Apr., 1987) »lus daily
maximum and minimum air temperatures (T MAX. and T MIN.). Cane
positions labelled 1, 2, 3, and 4 represent the average water content
of two internode segments adjacent to the canes used for the freezing

tests. Pruned and unpruned cane tissues were combined and =ach point

represents the mean of 3§ replicaticns.



AIR TEMP. (°C)

WATER CONTENT (%)

75

71

3/2/ 3/28 44

Fig. 7. Merlot cane water content, |987.

4/11

4/18



Figure 3.
Bud and cane tissue hardiness (LTE's) of "MYerlot' and

‘Semillon' grapevines during the deacclimation period of 25 March

«r
O

23 April, 1987 plus daily maximum and minimum air temperatures (7T MAX.

and T ¥IN.).
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Table la. Hardiness expressed as mean Low Temperature Exotherm (LTE,
0C) of "Merlot' cane 1nternodes by date and by position (1 = proximai,
4 = distal on the cane). On each date the Pruned, Unpruned, and
averaged (P + U) means included observations from all four positions,
so the P + U means each contain 32 observations. The P + U means for
position contain 40 observations since they were likewise combined for
all five dates.

Cane Hardiness (LTE, °C)

By Sampling Date

Date P+U Pruned Unpruned
21 Mar. -24.1 ¢ -24.2 a -24.0 a
28 Mar. -23.3 bc -23.9 a -22.7 a
4 Apr. -22.6 abc -22.8 a =22.5 a
11 Apr. -19.3 ab -19.2 a -19.4 a
18 Apr. -18.2 a -18.1 a -18.3 a

By Position

Pos. P+U Pruned Unpruned
1 -22.3 b -22.2 b -22.4 b
2 -21.9 b -21.8 a -21.9 b
3 -21.0 a -21.3 a -20.7 a
4 -20.9 a -21.1 a -20.6 a

Means within a section column with the same letter are not
significantly different (p= 0.05), according to Duncan's multiple range
test using F protection.
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Table 1b. Hardiness, expressed as mean Low Temperature Exotherm (LTE,
0C) of 'Merlot' buds by date and by position (1 = proximal, 4 = distal
on the cane). The number of observations per mean were the same as 1in
Table 1la.

Bud Hardiness (LTE, °C)

By Sampling Date

Date P+U Pruned Unpruned
21 Mar. -11.9 ¢ -18.0 b -17.8 b
28 Mar. -23.2 4 =23.1 ¢ ~23.2 ¢
4 Apr. -18.2 ¢ -18.2 b =18.3 b
11 Apr. -13.0 b -13.0 a -13.0 a
18 Apr. -9.8 a -9.2 a -10.1 a

By Position

Pos. P+ U Pruned Unpruned
1 -16.5 a -16.6 a =165 a
2 -16.4 a -16.6 a -16.3 a
3 <16.2 a =16.5 a =16.2 &
4 ~16.5 a =16.5 & =16.5 a

Means within a section column with the same letter are not

significantly different (p= 0.05), according to Duncan's multiple range
test using F protection.
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Table 2a. Mean percent water content {((g water /g dry tissue) * (100))
of ‘Merlot' cane internodes by date and by position. On each date the
Pruned, Unpruned, and averaged (P + U) means included observations from
all four positions, so the P + U means each contain 32 observations.
The P + U means for position contain 24 observations since they were
averaged over the last three dates only.

Cane Water Content (%)

By Sampling Date

P+ U Pruned Unpruned
21 Mar. 36.4 ab 85.7 a 87.7 ab
28 Mar. 82.1 a 83.7 a 80.5 a
4 Apr. 86.9 ab 87.9 ab 85.9 ab
11 Apr. 98.4 ¢ 94.4 b 102.5 ¢
18 Apr. 109.7 d 109.6 ¢ 109.9 ¢
By Position
Pos. P+ U Pruned Unpruned
1 92.9 a 92.4 a 33.5 3
2 97.0 b 96.5 ab 97.7 ab
3 100.6 ¢ 100.2 b 101.0 b
4 102.7 ¢ 100.0 b 105.5 ¢

Means within a section column with the same letter are not significantly
different (p= 0.05), according to Duncan's multiple range test using F

protection.
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Table 2b. Mean percent water content ((g water /g dry tissue) * (100))
of ‘Merlot' buds by date and by position. On each date the Pruned,
Unpruned, and averaged (P + U) means included cbservations from all four
positions, so the P + U means each contain 32 observations. The P + U
means for position contain 24 observations since they were averaged

over the last three dates only.

Bud Water Content (%)

By Sampling Date

Date P+U Pruned Unpruned
21 Mar. 83.9 b 83.5 ¢ 24.2 b
28 Mar. 76.3 a 75.6 a 76.9 a

4 Apr. 75.5 a 75.1 a 75.9 a
11 Apr. 78.5 a 77.9 a 79.0 a
18 Apr. 83.1 b 82.2 b 83.9 b

By Position

Pos. P+ U Pruned Unpruned
1 77.5 a 77.2 a 77.8 a
2 78.8 a 76.9 a 80.7 a
3 80.0 a 79.3 a 80.8 a
4 78.4 a 77.4 a 79.4 a

Means within a section column with the same letter are not significantly
different (p= 0.05), according to Duncan's multiple range test using F
protection.
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Table 3. Effect of pruning on cane water content ((g water/g dry
tissue) * (100)) on five dates. Values were averaged over four cane
positions and each represents the mean of 16 samples. Weekly change in

water content, compared to unpruned canes the prior week, are shown 1in
parenthesis.

Cane Water Content and Weekly Change (%)

Treatment 21 Mar. 28 Mar. 4 Apr. 11 Apr. 18 Apr.

Unpruned 37.7 a 80.5 a 85.9 a 102.5 a 109.9 a

Change (=7.2) (+5.4) (+16.6) (+7.4)
Pruned 85.7 a 83.7 a 37.9 a 34.4 b 109.0 a
Change (-4.0) (+7.4) (+8.5) (+7.1)

Means within a column with the same letter are not significantly
different using an LSD test (p= 0.05).
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Table 4. Effect of pruning on bud water content ((g water/g dry tissue)
*x (100)) at four positions. The values have been averaged over the
last 3 dates and each value, other than overall, represents the mean of
12 samples.

Bud Water Content (%)

Treatment Pos. 1 Pos. 2 Pos. 3 Pos. 4 Overall
Unpruned 77.8 a 80.7 a 80.8 a 79.4 a 79.7 a
Pruned 77.2 a 76.9 b 79.3 a 77.4 b 77.7 a

Means within a column with the same letter are not significantly
different using an LSD test (p= 0.05).
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Table 5. Effect of pruning on cane water content ((g water/g dry
tissue) * (100)) at four positions. The values were combined over the
last 3 dates and each represents the mean of 12 samples.

Cane VWater Content (%)

Treatment Pos. 1 Pos. 2 Pos. 3 Pos. 4 Overall

Unpruned 93.5 a 97.7 101.0 a 105.5 a 99.4 a

"

Pruned 932.4 a 36.5 a 100.2 a 100.0 b 7.3 b

Means within a column with the same letter are not signiiicantly
different using an LSD test (p= 0.05).
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Table 6. Effect of pruning on cane hardiness levels at each of four
cane positions. Values are expressed as mean Low Temperature Exotherm
temperatures (LTE's, °C) and each represents the mean of 20 samples over
five dates.

Cane Hardiness (LTE, °C)

Treatment Pos. 1 Pos. 2 Pos. 3 Pos. 4 Overall
Unpruned -22.4 a -21.9 a -20.7 a -20.6 a -21.4 a
Pruned -22.2 a -21.8 a -21.3 a -21.1 a -21.6 a

Means within a column with the same letter are not significantly
different using an LSD test (p= 0.05).
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Table 7. Effect of pruning on bud hardiness at each of four cane
positions. Values are expressed as mean Low Temperature Exotherm

temperatures (LTE's, °C) and each represents the mean of 20 samples over
five dates.

Bud Hardiness (LTE, °C)

Treatment Pos. 1 Pos. 2 Pos. 3 Pos. 4 Qverall
Unpruned -16.5 a -16.3 a -16.2 a -16.6 a -16.4 a
Pruned -16.6 a -16.6 a -16.5 a -16.5 a -16.5 a

Means within a column with the same letter are not significantly
different using an LSD test (p= 0.05).
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