¥ TOALN

ETTN G T

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at thc back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600



B B T ST S (L -

~ WYl




-y

LT RS WA Ty

e e

University of Alberta

Examination of Physiological and Morphological Parameters of a Population of
Lodgepole Pine (Pinus contorta Dougl. spp. latifolia) Seedling Roots in Relation to First
Year Seedling Growth

by

Veronika Lukic @

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment of
the requirements for the degree of Master of Science
in

Plant Science

Department of Agricultural, Food and Nutritional Science

Edmonton, Alberta

Fall, 1997



i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référance

Qur file Notre rdférance

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimes
ou autrement reproduits sans son
autorisation.

0-612-22629-8

i1

Canada



University of Alberta

Library Release Form

Name of Author: Veronika Lukic
Title of Thesis: Examination of Physiological and Morphological
Parameters of a Population of Lodgepole Pine (Pinus

contorta Dougl. spp. latifolia) Seedling Roots in Relation to

First Year Seedling Growth
Degree: Master of Science
Year of degree: 1997

Permission is hereby granted to the University of Alberta Library to reproduce single copies
of this thesis and to lend or sell such copies for private, scholarly, or scientific research

purposes only.

The author reserves all other publication and other rights in association with the copyright in
the thesis, and except as hereinbefore provided, neither the thesis nor any substantial portion
thereof may be printed or otherwise reproduced in any material form whatever without the

author’s prior written permission.

Aevinuike ;i'cto@bc

8347-76 Avenue
Edmonton, AB
Canada, T6C OH9




University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty of Graduate
Studies and Research for acceptance, a thesis entitled Examination of Physiological and
Morphological Parameters of a Population of Lodgepole Pine (Pinus contorta Dougl. spp.
latifolia)) Seedling Roots in Relation to First Year Seedling Growth submitted by

Veronika Lukic in partial fulfillment of the requirements for the degree of Master of Science

Y P

M son-Flanagan

Dr. M. Jones
%@“\ 0
\)‘\

Dr.J.Z ek

\
Dt F. Yeh

in Plant Science.

Date: W /777



2 2T D

W AT R TN R

- oy

For my mother Ana, for her encouragement



TS SEW - a ey mem e

ABSTRACT

The relationships between morphological and physiological parameters in lodgepole
pine (Pinus contorta Dougl. spp. latifolia) seedlings in relation to outplanting success and
subsequent field performance was studied by assessing root morphology, root growth
capacity (RGC), viability (TTC reduction), reducing, total soluble and total non-structural
carbohydrates, starch, and drought tolerance in seedlings before and after cold storage. The
effect of slow and fast cooling as seedlings enter into cold storage was also examined.
Seedling survival and subsequent field performance was best predicted by TTC reduction
prior to cold storage. RGC was also a good predictor; however, the test takes far longer,
requires more space and must be done after cold storage. Drought stress tolerance, measured
as RGC or needle injury, correlated with outplanting survival and field performance. The
relationship between drought stress tolerance, measured as electrolyte leakage. and
carbohydrates was also examined. Both total soluble and total non-structural carbohydrates

were correlated with root injury.
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CHAPTER 1

1. INTRODUCTION

1.1 Problems in Reforestation

Regeneration or creation of new coniferous forests usually requires nursery-produced
seedlings. These seedlings are subjected to different stresses from the time of nursery lifting,
to planting in the field, and thereafter. Once in the field, growth and survival of young
seedlings depends on the interactions between seedling performance potential and site
constraints.

Seedlings used in reforestation are grown in nurseries as either bareroot or
containerized crops. Often they are sown in early spring and are lifted to cold storage (-2°C)
in the fall prior to outplanting the following summer. Cold storage enables the gap between
fall or winter lifting and spring planting to be bridged. The timing of cold storage is critical
to the success of the crop, as seedlings that are lifted too early or too late have been shown to
have reduced viability and perform poorly following outplanting (Omi et al., 1994). Thus, it
is essential that rapid, inexpensive and accurate methods to assess the best time for lifting be
developed.

Transplanting stress is a normal consequence of lifting, handling, storing, shipping
and planting seedlings into a field environment, even under ideal planting conditions. To
survive transplanting, the seedling must recover from the injuries and stresses that result from
lifting and handling, resist desiccation stresses and grow new roots to avoid drought stress,
continue maintenance and growth respiration, and adapt to a more hostile environment. The
seedlings must do all of this before carbohydrate reserves are exhausted. A successful
seedling is able to restore normal plant water relations, produce sufficient new photosynthate
to support root and shoot growth, and restore carbohydrate reserves. This is best
accomplished by seedlings with high drought tolerance (Hallgren, 1991).

Lodgepole pine (Pinus contorta Dougl.) is one of the most widely distributed and

diverse native species in western North America. The coastal variety of the species can be



found at elevations ranging from sea level to 600 m. The inland variety grows from 500 to
1,000 m in the north and from 2,000 to 3,500 m in the south (Whitney, 1985). It is an
economically important reforestation species, not only in the USA and western Canada, but
also in Scandinavia, England and New Zealand (Koch, 1996). This is because lodgepole pine
grows quickly from the time of planting, and is capable of producing large trees in a short
period of time.

Lodgepole pine is one of the most drought and frost-tolerant, but shade-intolerant
native conifers (Eremko, 1990). It can occupy very infertile sites, probably through its
extremely low nutrient requirements, or through its ability to extract nutrients unavailable to
other species (Lotan and Perry, 1983). However, lodgepole pine is a poor competitor for
nutrients especially in competition with grass species. Lodgepole pine seedlings are also
susceptible to being trampled and eaten by cattle (Lotan and Peny, 1983).

The average survival rate of lodgepole pine seedlings after outplanting in British
Colu,nhia is high (85%) (Eric van Steenis, pers. comm.). Although a 15% mortality rate
seems low, when one considers that millions of seedlings are planted each year, any loss is
significant. More importantly, the potential losses resulting from poor seedling growth after

outplanting are expected to be very high.

1.2 Research Objectives

Prior to implementing reforestation management strategies for improving lodgepole
pine seedlings, rapid, direct predictors of survival and growth after outplanting need to be
determined. My hypothesis is that carbohydrates will be faster to measure and be a better
indicator than is RGC. The first objective was to study the gross morphology of the root
system, root growth, TTC reduction, RGC and carbohydrate reserves before outplanting and
to compare them to seedling survival and establishment following outplanting.

My second hypothesis is that slow cooling and thawing (common practices in the
industry) contribute to reductions in seedling health following outplanting. Seedlings are
frozen in boxes of 250 seedlings. This means that only the seedlings on the outside of the

box freeze and thaw quickly, while those in the middle of the box freeze and thaw more

[£%]
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slowly. It is not unusual for seedlings to remain in the unfrozen state in cold storage for a
period of weeks after lifting (Anne Johnson-Flanagan per. comm.). One would expect the
seedlings to remain metabolically active during this time. As such, the question arises “How
does the rate of cooling affect carbohydrate status and subsequent seedling health after
storage?” As a first step to gaining insight into this, my objective was to examine the effect of
slow and fast cooling and thawing on parameters including root morphology, and root and
needle storage reserves.

The final hypothesis is that high drought tolerance will correlate with good seedling
growth after outplanting and that high total soluble carbohydrate content will correlate with
high drought tolerance. The final objectives were, therefore, to develop the methodology for
in vivo assessment of drought tolerance, to relate stress tolerance to characteristics measured
above and to examine the relationship between drought tolerance and seedling productivity in
the first season after outplanting.

To date, much of the research on seedling quality has focused on outplanting success
in terms of survival and not on seedling (tree) productivity (Deans et al., 1990; Omi et al.,
1994; Sharpe and Mason, 1992; van den Driessche, 1991, 1992). The present study is part of
a larger study that will assess seedling growth parameters for up to 3 years following
outplanting. In this manner we will be able to assess the utility of the various biochemical and
morphological parameters measured in relation tc outplanting success, seedling establishment

and tree growth.
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CHAPTER II

2. LITERATURE REVIEW

2.1 Root Morphology

To date, there has been little research on gross morphology of conifer root systems in
relation to planting success and superior tree productivity. In studies on white spruce (Picea
glauca), Johnson-Flanagan and Owens (1985 a,b) found that root quality (proportion of
elongating, absorbing and brown roots) may be more important than quantity of white roots
(root growth capacity) with regard to planting success. They determined that lateral root
elongation early in the spring and under optimum conditions enlarged the root system. Later,
the proportion of absorbing roots (hair-covered roots) increased as the root growth capacity
decreased. Research by Stone et al. (1962) indicated that high planting success correlated
with the spring time decrease in root growth capacity. This implies that root class, and more
specifically, the preponderance of absorbing roots may be more important than root biomass
in determining seedling survival (Johnson-Flanagan and Owens, 1985b).

Based on external morphology, Johnson-Flanagan and Owens (1985a) described
three classes of lateral roots in white spruce. Elongating roots have few root hairs and are
characterized by rapid rates of elongation. Absorbing roots are characterized by root hairs in
the zone of elongation and differentiation and are usually short. They are responsible for
nutrient uptake (Lyr and Hoffman, 1972). As such, the seedling relies upon a large portion of
absorbing roots for proper growth. Growth of absorbing roots is determinate - the roots die
after one growth cycle (Rose, 1992). Brown roots are enveloped by a necrotic layer and are
elongating roots between periods of growth. When elongation ceases, roots become brown as
a result of suberization of the endodermis. They may be quiescent or dormant. This does not
mean they are metabolically inactive. Johnson-Flanagan and Owens (1986) demonstrated that
brown roots of white spruce continued to respire at 47 percent of the rate of elongating roots.

Growth cycles of individual roots of the elongating class are independent. The

mechanisms controlling growth cycles are complex and little understood, but evidence
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provided by Wilcox (1968), from his studies with red pine (Pinus resinosa), strongly suggests
that one of the controlling mechanisms involves soil-plant water relations. Under conditions
of continuous moisture, elongation occurs for 2 to 3 weeks, slows and then ceases. The
cessation of growth leads to browning of the root in an acropetal direction. This is caused by
the formation of the secondary endodermis and the metacutization layer, which together,
form the "dormancy layer”. Formation of the dormancy layer is associated with accumulation
of starch in the root tip and pericycle (Johnson-Flanagan and Owens, 1985a; Wilcox, 1954).
Cell divisions precede visible growth (Johnson-Flanagan and Owens, 1985a). The first
sign of visible growth is swelling of the root apex. This is concomitant with loss of the starch
sheath, indicating that starch to sugar conversions may play a role in cell expansion. Studies
on the zone of elongation in dicot roots support this concept. Increased invertase activity
accompanies accumulation of reducing sugars in expanding cells (Sutcliffe and Sexton,
1968). Emergence of a white apex through the brown layer indicates the resumption of

elongation.

2.2 Root Growth Capacity (RGC)

Root growth capacity (RGC) can be defined as a seedling’s ability to initiate root
growth under optimal conditions (Stone and Jenkinson, 1971). Variation in RGC occurs
seasonally (Stone et al., 1962), in response to cultural treatments such as fertilization (van den
Driessche, 1988), from damage caused by frost (Colombo et al., 1984), or from lifting,
handling and storage (Tabbush, 1986). Lifting and storage schedules are often based on RGC
(Tabbush, 1988).

Laboratory assays for measuring the RGC of forest tree seedlings were first developed
in the belief that root extension immediately after planting is a major determinant of
establishment success. Another assumption underlying the development of these tests is that
root growth under standardized conditions in the laboratory is indicative of root growth
under field conditions (Burdett, 1987; Ritchie and Tanaka, 1990). While this test has proven
to be a useful predictor for seedling survival in some cases (Burdett, 1979; McKay, 1992;

Sharpe and Mason, 1992; Simpson, 1990), in others it has not (Ritchie et al., 1985; van den
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Driessche, 1992). Recently, it has been proposed that RGC relates to seedling performance,
not directly, but by virtue of a correlation with cold hardiness or other types of stress
resistance that directly affect performance (Cannell et al., 1990; Omi et al., 1994).

As RGC is affected by cold storage the appropriate time to assess RGC is just prior to
planting (Ritchie and Dunlop, 1980). Generally RGC is measured over 2 or more weeks. A
shorter (7 day) test has been used for lodgepole pine seedlings (Burdett, 1979). Regardless of
the test used, there is a hiatus while the seedlings are tested, during which time the nursery
manager is unsure if stock should be planted. This is a major drawback to the method.

Initially, researchers hypothesized that high RGC was related to carbohydrate status
(Kruger and Trappe, 1967; Munns and Weir, 1981; Shihoya et al., 1966). However, this does
not appear to be the case. Studies showing large changes in root starch concentrations have
not indicated a relationship with RGC (Rose, 1992). Ritchie (1982) concluded that stored total
non-structural carbohydrate in the roots were not related to RGC. Finally, root carbohydrate
reserves and new root growth related poorly in Sitka spruce (Picea sitchensis) (Deans et al.,

1990) and Douglas-fir (Pseudotsuga menziesii) seedlings (Cannell et al., 1990).

2.3. Root Viability

Desiccation and cold damage to root systems is insidious, not always manifesting itself
through visible symptoms. Indeed, tops of seedlings with dead root systems often appear
quite normal, providing no hint of the seedlings’ inevitable post-planting failure. Nurseries
often rely on RGC testing to detect such damage (Lindstrom, 1986).

At a cellular level, the activity of succinate dehydrogenase, an enzyme involved in the
respiration cycle, can be used as an index of cell viability. The reduction of colorless
triphenyl tetrazolium chloride (TTC), brought about by the action of the dehydrogenase can
be quantified spectrophotometrically (Steponkus and Lanphear, 1967). The test can be
completed in 2 days. Viability measured by TTC reduction represents metabolic activity
potential, at the time of the test.

TTC reduction has been used in a number of studies. Lindstrém and Nystrom (1987)

found that viability measured as TTC reduction was useful as a quick method for estimating
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cold injury of roots. Watanable et al. (1992) used TTC as a protoplast viability test. Parker
(1952) used TTC reduction to determine the viability of conifer needles following
desiccation. Joslin and Henderson (1984) found a linear correlation between TTC reduction
and dry weight of live root tissue of white oak (Querceus alba). The proportion of living root
tissue following freeze-induced dehydration damage of overwintering Scots pine (Pinus

sylvestris) seedlings was also determined using TTC reduction (Sutinen et al., 1996).

2.4 Needle Morphology

Most conifer seedlings can be classified as having one of three needle morphologies:
primary, secondary or mixed (Scagel et al., 1993). Primary needles are the first single needles
produced by all species of pine. They are usually found on seedlings with a single terminal
bud. Depending upon the species, primary needles may be replaced quickly with secondary
needles or, in the case of lodgepole pine, may continue to develop until the end of the first
growing season. Primary needles seldom persist on the seedling beyond the first year of
outplanting. Secondary needles are the first true fascicle needles, and they originate in the
axis of the primary needles. Development of secondary needles can be induced in the nursery
using photoperiod. The development of secondary needles in lodgepole pine is accompanied
by differences in bud morphology (multiple terminal buds) and larger root collar diameter.
Lodgepole pine secondary needles are considered to be more drought resistant than are
primary needles (Scagel et al., 1993). Seedlings with mixed morphology have a few

secondary needles toward the tip of the stem but only a single terminal bud.

2.5 Chlorophylls

Many studies have shown that chlorophyil fluorescence is a sensitive and early
indicator of damage to photosynthesis, and to the plant in general, resulting from stress such
as freezing, chilling and drought (Hetherington and Oquist, 1988; Orgren and Oquist, 1985;
Strand and Oquist, 19883). Variable chlorophyll fluorescence has also proven useful in

assessing seedling health following cold storage: rapid reactivation of photosynthesis was
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associated with high RGC scores, while delayed or incomplete photosynthetic reactivation was
associated with low RGC (Vidaver et al., 1989).

Water deficit (as caused by frost or drought) reduces chlorophyll content (Beadle and
Jarvis, 1977). Manter and Livingston (1995) found that measuring chlorophyll loss is a better
method to detect lethal and sublethal freezing injury in intact, red spruce (Picea rubens) in

comparison to measuring photosynthetic rate or electrolyte leakage.

2.6 Carbohydrates

Carbohydrates in the form of starch and other total non-structural sugars are the
major form of energy reserves for most woody plants (Glerum, 1980). Of these, starch is the
most abundant form of storage carbohydrate in most seedling tissue (Glerum, 1980). Of the
soluble carbohydrates, sucrose is the major photosynthetic product, the principal
transportable carbohydrate, and the main storage carbohydrate in the above-ground tissue of
many plants. Raffinose has also been identified as a storage carbohydrate in Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies) shoots and needles, particularly during dormancy
(Aronsson et al., 1976). The hexose-reducing sugars, fructose and glucose, are commonly
present in poplar (Populus trichocarpa) roots in higher concentrations than is sucrose
(Bonicel et al., 1990).

Starch and other non-structural carbohydrates are used for plant maintenance in the
winter, being the major substrates for respiration (Cannell et al., 1990), and for initial growth
the following season (Omi et al., 1994). Both spring root growth and shoot elongation have
been shown to depend on carbohydrate reserves. As such, poor accumulation can profoundly
affect seedling performance the following year (Farmer, 1978; Little, 1974). It has been
postulated that the importance of lifting and storage practices may be related to the
availability of carbohydrate reserves (McCracken, 1979; Webb and Alther, 1980). Although
shoots, needles and roots all store carbohydrate, it appears that depletion of needle storage
reserves in particular decreases field survival and growth (Puttonen, 1986). Root reserve levels

(total non-structural carbohydrate) also decrease during cold storage (Deans et al., 1990;
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Ritchie, 1987; Ronco, 1973). This reduction may (Venn, 1980) or may not (Jiang et al.,
1994) affect subsequent field survival and growth.

In addition to providing reserves for growth, stored carbohydrates function in a
number of other capacities. Increases in soluble carbohydrate during the autumn parallel
increases in cold hardiness (Egger et al., 1996). This is not simply correlative, as sugars are
known to provide water stress tolerance (both freezing and drought stress) by binding water,
and acting as osmotica (Levitt, 1980; Sutinen et al., 1996). Rapid conversion of starch to
glucose in the root has been correlated with renewed root growth (Johnson-Flanagan and
Owens, 1985a). This again suggests that the soluble carbohydrates act as osmotica, resulting

in rapid uptake of water and cell expansion.

2.6.1. Root Carbohydrates

The highest concentration of carbohydrate reserves are usually found in root tissue
(Glerum, 1980). These root reserves change dramatically throughout the year, decreasing
rapidly with bud-break, and early vegetative and reproductive development, then increasing
late in the growing season, usually after cessation of vegetative growth (Rose, 1992; Webb and

Kilpatrick, 1993).

2.6.2 Needle Carbohydrates

There is an annual fluctuation in carbohydrates in conifer needles. Egger et al.
(1996) reported that glucose and fructose (the predominant soluble carbohydrates) increase
in spruce needles during the cold period, then decrease in a ncarly linear manner until bud
break. In contrast, sucrose reaches its highest concentration in spring and fall. Starch content
decreases during fall and winter then reaches very high levels before bud break the next
spring. This pre-bud break starch accumulation is a result of photosynthetic activity (Fischer
and Holl, 1991; Webb and Kilpatrick, 1993). Raffinose and stachyose, which are involved in
the acquisition of frost tolerance, decrease from high levels in February to very low levels at
bud break (Egger et al., 1996). Needle soluble carbohydrates increase during cold storage
(Chomba et al., 1992).
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2.7 Growth Cycle
The annual growth cycle of conifers can be divided into active growth, dormancy and

quiescence. During dormancy (fall and early winter) trees have no growth competence.
Dormancy is induced when trees are exposed to short photoperiod and low chilling
temperatures. A dormancy requirement must then be met. This requirement can vary for
different conifer species from 1,000 hours to 2,000 hours at 6°C (Ritchie et al., 1985). After
the completion of dormancy, the tree enters the quiescence phase. This quiescence phase is
maintained by low temperature (below 6°C) in nature or under cold storage conditions. The
trees have full growth competence and will grow under favourable growth conditions.
Although the true definition of dormancy relates to growth and bud development,
seedling dormancy is often assessed on the basis of stress tolerance (Timmis, 1980). The
more dormant a seedling is, the more stress tolerant it is, because its metabolic activity is very
much reduced. Thus, physiological changes associated with the state of dormancy have been

assessed as increases in cold hardiness (Colombo et al., 1984).

2.8 Chilling Requirement

Chilling is an important factor in the development of both stress resistance and
dormancy in conifer seedlings. Seedlings must accumulate chilling hours in the fall in order
for growth to cease and dormancy to be induced. In lodgepole pine, 280 hours of
temperature below 6°C (Ritchie, 1987) are needed in order for growth to cease. An additional
220 hours are needed for the induction of freezing tolerance, followed by a further 420
hours for the dormancy requirement to be satisfied. Warm days reduce the chilling effects of
the cold (Krugman and Stone, 1966). Very low temperature also may retard or even halt the
physiological processes associated with chilling fulfillment (Taylor and Dumbroff, 1975).

Despite the obvious complexities a static model for chilling has proven to be useful in
determining the time during which the seedlings are accumulating chilling degree hours, and
thereby entering into dormancy (Hdnninen, 1990). The conventional chilling model applied
by foresters is based on a 6° or 8°C threshold that does not impose a lower limit to chilling

and does not provide for reversal of chilling (Ritchie, 1989).



Another method that has been used to assess suitable date for lifting is to determine
frost hardiness (Colombo et al., 1984). Survival to - 18°C has been related to storability and
has been used as a predictor of suitable lifting dates (Burdett and Simpson, 1984; Camm et
al., 1994). Once seedlings receive their chilling requirement for dormancy, they can be lifted
for storage. Cold storage is a common practice in Canada, USA and Scandinavia, as it
maintains seedlings in the quiescence state, extending it through to the time of planting

(Ritchie, 1984).

2.9 Lifting and Cold Storage

Storage of planting stock at - 2°C for up to six months has became a part of many
typical conifer seedling production schedules (van Eerden and Gates, 1990). It allows stock to
be lifted under favourable nursery conditions and maintained in a quiescence state until
required for outplanting.

The success of long-term storage depends, in part, on the physiological status of the
seedlings at the time of lifting. While cold storage can help satisfy the chilling requirement
needed to attain seedling dormancy (Omi et al., 1991a), storage can be unsuccessful if
seedlings are lifted before they have achieved adequate resistance to the stresses of handling
and cold storage (Daniels and Simpson, 1990). Similarly, if lifting is delayed too long
seedling health appears to be negatively affected (Omi et al., 1991b). This could be explained
by resumption of growth and the associated reduction in stress tolerance and losses of storage
reserves.

Storage conditions also affect seedling health. Seedling quality may decline in dark
storage because seedlings are no longer exposed to natural signals such as a photoperiod
(Laver:der and Wareing, 1972); the temperature may be too cold to adequately satisfy the
chilling requirement (Omi et al., 1991a); and seedling may become desiccated, and lose frost
and drought resistance (Ritchie, 1982; Ritchie, 1986). Furthermore, carbohydrate reserves
decline during long-term storage (Cannell et al., 1990; Jiang et al., 1994). In white spruce,
cold storage decreased total non-structural carbohydrates. More specifically, total soluble

carbohydrates decreased and starch increased (Jiang et al., 1994). This decrease in soluble
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carbohydrate reserves may lead to reduced root initiation, lower seedling survival, and poor
growth at outplanting (Duryea and McClain, 1984; Puttonen, 1986). On the other hand, such
decreases may not impact on subsequent survival and growth (Jiang et al., 1994).

Although the rate of cooling would be expected to impact on the physiological status
of the seedling, there is little or no reference to this in literature. Slow thawing promotes
respiration and loss of carbohydrate reserves, impairing the ability of seedlings to function
effectively in water or nutrient uptake on removal from storage (Camm et al., 1995).

Currently, it is recommended that frozen container stock be slow thawed in the dark
for 14 to 19 days at 2 to 3°C (Fraser et al., 1990). Unfortunately, if outplanting delays further
extend the time until planting, the seedlings may lose cold hardiness and deplete
carbohydrate reserves (Omi et al. 1994; Ronco, 1973). An alternative thawing regime, which
overcomes the problem of outplanting delays, is fast thawing at 21°C in the dark for 2-3
hours. Camm et al. (1995) found that seedlings submitted to fast thawing broke bud 3.3 days

later than did slow thawed stock and had greater frost hardiness at planting time.

2.10 Drought and Desiccation Stress Tolerance

Rapid, short term desiccation often occurs in conifer seedlings as they are moved
from the nursery to the field (Ritchie et al., 1985; Tabbush, 1987) and drought stress often
develops following outplanting. The latter is a result of poor water uptake by roots, and leads
to high seedling mortality and retarded growth of surviving seedlings (Burdett, 1990).
Therefore, successful establishment of newly planted seedlings depends partly on their
drought tolerance (Blake and Sutton, 1987).

The ability of plants to tolerate drought is strongly influenced by their genotype and
their life history (Seiler and Johnson, 1988). Sudden environmental stress is often lethal to
plants that have never encountered adverse growing conditions. While some plants have an
inherent potential for drought resistance, other must be exposed to limited drought in order
to develop tolerance (Levitt, 1980). This acclimation process involves morphological and

biochemical changes.



The physiological mechanisms by which conifer seedlings respond to drought and
osmotic stress are poorly understood (Levitt, 1980). It remains unclear which changes reflect
the onset of stress and which changes are associated with stress adjustment. Further, resistance
to drought is mediated both by drought avoidance mechanisms that prevent the loss of water,
through stomatal closure and rapid root extension, and by drought tolerance mechanisms that
include solute accumulation and adjustment of photosynthesis to low water potentials.

Solute accumulation in drought-conditioned black spruce (Picea marina) was
observed to contribute more than stomatal conductance in helping plants adapt to osmotic
stress (Zwiazek and Blake, 1989). Sugars and amino acids are known to be major constituents
of osmoregulation in black spruce. The increases in various monosaccharides, including
mannose, fructose, galactose and glucose during one exposure to drought corresponded with
a decline in sucrose (Zwiazek and Blake, 1990). Such hydrolysis of sucrose could benefit
a stressed plant because one molecule of sucrose yields two osmotically active molecules
(glucose and fructose) with minimal cost to the plant.

A recent study by Jiang et al. (1995) noted that high starch content rather than high
soluble sugar content led to improved potential for drought stress tolerance in white spruce.
They felt that the starch yielded more sugars during the drought and this in turn altered the
osmotic potential in favour of reduced plasmolysis under stress conditions. In this case,
tolerance was assessed on the basis of gas exchange rates and survival.

Changes in certain soluble carbohydrates may not be detected by measuring total
soluble or total non-structural carbohydrates. As indicated above, increases in glucose and
fructose were paralleled with decreases in sucrose. Thomas (1990) found that the total non-
structural carbohydrate pool was not affected by drought conditioning, but a decrease in
starch concentration in the roots suggested that some hydrolysis of starch to hexoses
occurred.

Drought tolerance during outplanting can be induced by exposure of conifer
seedlings to drought stress prior to cold storage and outplanting (Kaushal and Aussenec,
1989). Nursery drought stress cycles and low temperature increase lodgepole pine survival

but reduce height and dry weight (van den Driessche, 1991). This indicates that drought
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tolerance can be manipulated by drought treatments and temperature, however, the most
effective treatments tend to produce the smallest seedlings. The long term effects of this are
not known as large seedlings usually have higher survival and grow more quickly than do
small seedlings when planted in a reforestation site (van den Driessche, 1984).

Nursery nutrient regimes are also known to influence drought tolerance in conifers.
For example, fertilization with nitrogen has been shown to reduce drought stress in
Douglas-fir (Brix and Michell, 1986). By appropriate nitrogen and drought treatments it was
possible to increase lodgepole pine survival by 33% in a sand bed nursery (van den Driessche,
1992). Increased tissue potassium concentrations have also been shown to decrease
transpiration and increase drought tolerance in conifer seedlings (Bradbury and Malcolm,
1977).

Blake (1983) found that cold storage of white spruce seedlings led to reduced water
loss when water was limiting. This did not reduce stomatal opening and hence photosynthetic
potential, when there was adequate moisture. Outplanted, cold-stored seedlings showed only
slight changes in water potential and diffusive resistance. This was associated with minimum

transplanting stress.

2.11 Electrolyte Leakage

Cell desiccation and resultant plasmolysis underlay all the effects of drought stress.
Cells from tolerant tissues undergo less plasmolysis and hence have less membrane damage
than do cells from non-tolerant tissues. This membrane damage can be measured as
electrolyte leakage.

Results from Sitka spruce and Douglas-fir indicated a highly significant, negative
relationship between fine-root electrolyte leakage and seedling field survival following
storage (McKay and Mason, 1991). This suggests that fine-root leakage is an excellent,
objective indicator of plant vitality following cold storage.

The close relationship between survival and root electrolyte leakage after cold storage
suggests that deterioration of the fine-root system during storage is a major cause of plant

failure. Burdett (1990) proposed a model of seedling establishment in which the water status
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of the transplanted seedlings is crucial. In this model, a high water status allows
photosynthesis to proceed, promoting new root growth, which increases water (and mineral)
uptake, whereas a low plant moisture content inhibits photosynthesis, reducing root growth
and exacerbating drought stress. One factor affecting water status immediately after planting
is the ability of the existing root system to supply water.

This brings us back to drought tolerance. If the seedling is drought tolerant, the root
system, with its higher osmotic potential, will be able to take up more water under stress
conditions than its non-tolerant counterpart. In addition, the seedling will be better able to
withstand the stress. Thus, measurement of percent electrolyte leakage following exposure to
drought stress should provide important information about the health of seedlings prior to

outplanting and their tolerance to drought stress following outplanting.
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CHAPTER III

ROOT GROWTH AND MORPHOLOGY, CARBOHYDRATE RESERVES
AND FIELD PERFORMANCE OF LODGEPOLE PINE SEEDLINGS

3.1. Introduction

In the past, much of the seedling research focused on outplanting survival and the
development of assessment methods to predict seedling survival after outplanting. The
methods developed include RGC (Camm and Harper, 1991), testing for frost hardiness
(Warrington and Rook, 1980}, root relative moisture content (RMC) (Sharpe and Mason,
1992), root electrolyte leakage (McKay and Mason, 1991), viability by TTC reduction
(Birgas and D'Aoust, 1993) and chlorophyll fluorescence (Vidaver et al., 1989). Of these,
RGC and testing for frost hardiness have been adopted by the nursery industry.

More recently, the focus has changed and the industry has begun to recognize the
need for methods that not only predict survival following outplanting, but also predict
superior productivity. To date, no methods have been developed. It is unlikely that the above
mentioned tests will be suitable, as they have already been shown to be inaccurate in their
capacity as predictors of outplanting success (Burdett and Simpson, 1984; McKay and
Mason, 1991; Ritchie and Dunilop, 1980; Sharpe and Mason, 1992).

The objective of the present study was to examine gross root morphology, root
growth, TTC reduction, RGC and carbohydrate reserves in relation to seedling establishment
(survival and growth) following outplanting. Their potential as rapid, direct indicators of
lifting times that optimize seedling establishment was then assessed. I anticipated that
carbohydrates would be superior to the other variables as predictors of seedling survival and

growth potential after outplanting.



3.2 Materials and Methods

3.2.1 Plant Material

Pinus contorta Dougl. spp. latifolia (lodgepole pine; seedlot #30862: 1500 m
elevation; 50°54’N; 121°08’W) was chosen for the investigation. The seeds were sown in soil
mix (50% peat, 50% sawdust, 1360 g dolomite, 487 g micromax, 1.75 kg miniprill and 2.5
kg nutricote type 180) on March 20-22, 1995 (Eileen Brader per. comm.). The seedlings
were grown in a greenhouse at Hybrid Nursery, Pitt Meadows, British Columbia. Throughout
germination the temperature was maintained at 20°C day and night. Once seedcoats were off,
(April 22) the temperature was lowered to 16°C and the photoperiod was extended to 20
hours using supplemental lights. By July 4, 95% of seedlings had secondary needles and a
minimum height of 7 cm. Seedlings were kept comparatively dry and no supplemental lights
were used after July 18. Seedlings were grown outside from August 10 until lifting. Standard
watering and fertilization regimes for the interior British Columbia provenances were
employed throughout the growing season (“Excel” forestry fertilizer, 100 ppm of soluble
nitrogen supplemented with calcium, MgSO,, copper and iron). Seedlings were shipped
(refrigerated) overnight to Edmonton courtesy of Eileen Brader from Hybrid Nursery Ltd.,

Pitt Meadows, British Columbia.

3.2.2 Pre-storage Sampling

Samples of 60 seedlings were lifted from the nursery on September 19, October 16,
and 31, November 14, December 01, and 12, 1995. Thirty seedlings were used for
determination of total number of elongating, absorbing and brown roots on the whole root
system. All roots studied were long laterals and were classified as elongating (white and
lacking root hairs), absorbing (white and possessing root hairs), and brown (the root
enveloped by a necrotic layer). After counting the number of roots on the whole root system,
the roots were analyzed for reducing carbohydrate, total soluble carbohydrate and starch
content. Of the remaining 30 seedlings, 10 were tested directly for viability with TTC, and 20

were used to assess RGC followed by viability assessment with TTC.
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3.2.3 Cold Storage, Thawing Conditions and Post-Cold Storage Sampling

Samples of 60 seedlings were lifted on each date as above, and bundles of 10
seedlings were wrapped with cellophane around the root plugs, placed inside a waxed box
containing a plastic-lined paper bag and stored at -2°C for 3-5.5 months. The seedlings were
stored in the cold storage of Nursery Extension Services, BC Ministry of Forests, Surrey, BC.
The air temperature inside the boxes in storage was monitored with data-loggers and reached
the -2°C target temperature within 10 days of storage. The cold storage temperature was
constantly monitored and remained at -2°C throughout the entire storage period. After
storage, seedlings were shipped (refrigerated) overnight from Surrey to Edmonton. Shipping
of seedlings was provided courtesy of Cheryl Calam. A sample of 60 seedlings for each
lifting date was thawed at +4°C in a cold room for 7 days (see Table 3.1 for dates). The

experiments outlined above were repeated.

3.2.4 Viability Testing (TTC)

Samples of 10 seedlings (before regrowth under RGC conditions) and 20 seedlings
(after regrowth under RGC conditions) were submitted to viability testing following the
method of Steponkus and Lanphear (1967). Roots were washed in cold tap water and the
central root mass of each seedling was sampled by removing a 2 cm wide band of roots at a
distance of approximately 1 cm from the bottom of the root plug. Samples (300 mg fresh
weight) containing a mixture of all 3 root classes were put in 17 x 120 mm test tubes to which
6.0 mL of 0.6 % (w/v) triphenyl tetrazolium chloride (TTC) in 0.06 M (0.045M Na,HPO, +
0.015M KH,PO,) and 0.05% (v/v) Tween 20 were added. Samples were incubated for 20
hours at room temperature. The TTC was drained and the tissue was rinsed once with distilled
water. Tissue samples were extracted in 7 mL of 96% (v/v) ethanol in a water bath at 80°C for
10 minutes. The extracts were cooled and made to 10 mL final volume with 96% ethanol,
then 1 mL was diluted with 2 mL of 96% ethanol. The absorbances were recorded at 520 nm
on a Varian Techtron spectrophotometer model 635. Control roots (heat killed) were
autoclaved for 15 minutes at 120°C prior to analysis (Lindstrém and Nystrom, 1987).

Viability of roots was calculated as:



29

Viability (%) = Asr- Aar x 100 (Equation 3.1)
Awr - Aar

where:

Awr - absorbance at 520 nm of white roots (100% alive) obtained after 7 days regrowth
under optimum conditions

Aar - absorbance at 520 nm of heat killed roots

Asr - absorbance at 520 nm of the sample roots

3.2.5 RGC Testing

Samples of 20 seedlings were individually transplanted into 95 by 230 mm pots
containing sand:peat:vermiculite (2:1:1, v/v/v). Seedlings were grown for 7 days in a growth
chamber at 22°C with a 16 hour photoperiod of 400 pwmol m™s™ photon flux density and 75%
relative humidity. Watering was to the point of runoff on days 1 and 4. RGC was expressed as
the total number of white roots per seedling (Johnson-Flanagan and Owens, 1985). The
number of white roots was monitored on three root plug regions of 5 cm each (top, middle

and bottom).

3.2.6 Extraction of Carbohydrates

Root plugs of 30 seedlings were washed in tap water. Ten randomly selected seedling
root plugs were separately used for collection of 50 mg fresh weight of each of elongating,
absorbing, and brown roots. The samples included the root tip and up to 20 mm of tissue
above the root tip. Root tissue was ground into a fine powder in liquid nitrogen with a mortar
and pestle, extracted in 3.0 mL phosphate buffer (20 mM, pH 7.2), centrifuged at 2,200 rpm
for 10 minutes and the supernatant analyzed for reducing and total soluble carbohydrate

content (as discussed below).

3.2.6.1 Reducing Carbohydrate Content
An aliquot of the supernatant (0.5 mL) was mixed with 1.5 mL of 2,4-dinitrophenol
reagent that was prepared by mixing 57.5 mL 5% NaOH containing 1.79 g dinitrophenol and

0.62S5 g phenol, with 125 mL deionized H,O containing 25 g potassium sodium tartarate, and
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diluting to 250 mL with deionized H,O. The mixture was heated in a boiling water bath for 6
minutes, cooled for 3 minutes in running water (10°C) and the absorbance was read at 600
nm within 20 minutes (Ross, 1959). Reducing sugar concentration was calculated on the basis

of a glucose standard curve represented by the equation:

y = -0.0113 +2.0875x, r =0.997 (Equation 3.2)
where:
y = absorbance at 600 nm

x = amount of glucose (mg)

3.2.6.2 Soluble Carbohydrate Content

An aliquot of the supernatant (0.05 mL) from above was diluted ten-fold with 0.45
mL of 20 mM phosphate buffer (pH 7.2 ) and mixed with 0.5 mL 5% phenol, to which 2.5
mL concentrated sulfuric acid was added slowly. Following mixing, the solution was cooled to
room temperature and the absorbance read at 485 nm (Dubois et al., 1956). Soluble
carbohydrate concentration was calculated on the basis of a glucose standard curve
represented by the equation:

y = 0.0071 + 0.0155x, r=0.974 (Equation 3.3)

where:
y = absorbance at 485 nm

x = amount of glucose (1g)

3.2.6.3 Starch Content

Using the same seedlings as described in 3.2.6, 250 mg fresh weight samples of root
tissue were ground into a fine powder in liquid nitrogen with a mortar and pestle, extracted in
5.0 mL of methanol:chloroform:water (MCW) (12:5:3 v/v/v) for 5 minutes, vortexed,
centrifuged at 2,200 rpm for 10 minutes and the supernatant was carefully removed by
aspiration. The extraction was repeated three times. The remaining MCW was evaporated to
dryness by placing the rack of open tubes in an oven at 50°C for 4 hours, after which 4.0 mL

of 0.1 N NaOH was added to each tube. The solution was mixed by vortexing until the starch



B

P Larass il sandn 2o S IR

Tt Mmoo BEUE ey TR

hddn U N

31

pellet was suspended. The starch was solubilized in a 50°C oven for 30 minutes with
occasional swirling. Five mL of 0.1 N acetic acid was added to adjust the pH to 5.1. One mL
of enzyme solution containing 2U/mL of amyloglucosidase (Sigma, CAT # A-7420, from
Aspergillus niger) and 400 U/mL of a-amylase (Sigma, CAT # A 6211, crude, from
Aspergillus oryzae), that was purified using a Centricon-30 microconcentrator (Amicon), was
added to each tube. The tubes were then covered and placed immediately into an incubation
oven at 50°C and incubated for 24 hours. The samples were removed from the oven, mixed
well and centrifuged at 2,200 rpm for 10 minutes. Aliquots (0.5 mL) were mixed with 5.0 mL
o-dianisidine (0.005% in 0.1 M sodium phosphate buffer, pH 7.0) solution containing
glucose oxidase (GOD, Sigma, CAT # G-6125, from Aspergillus niger) and peroxidase (POD,
Sigma, CAT # P-8000, crude, from Horseradish) to yield a final concentration of 5U of
GOD/mL and 1U of POD/mL (GOD/POD/o-dianisidine). The samples were placed in an ice
bath and 1.0 mL of 75% sulfuric acid was added. Once the samples were cooled, they were
vortexed and the absorbance was read at 525 nm (Rose et al., 1991). Starch concentration was

calculated on the basis of a glucose standard curve represented by equation:

y = 0.0044 + 0.0139x, r’ =0.999 (Equation 3.4)
where:
y = absorbance at 525 nm

x = amount of glucose (ug)

3.2.6.4 Quantification

The content of starch and reducing, total soluble, and total non-structural
carbohydrates prior to and after storage was estimated for each root class. To calculate totals
per root system these values were adjusted for the proportion of roots in each root class. Total
non-structural carbohydrate content in different root classes, prior to and after storage, was

estimated as the sum of the mean total soluble carbohydrate content plus mean starch content.
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3.2.7 Outplanting

The seedlings (180 per lifting date) were removed from cold storage, shipped to
Kelowna, BC, and thawed for 7 days at + 4°C according to the schedule outlined in Table 3.1.
The seedlings were randomly planted on an uncultivated site, block 849-8 by Bear Creek,
Kelowna (British Columbia) at 1340 m elevation (50°02'25"N; 119°40'05"W). Seedlings were
outplanted at a 3 m x 3 m spacing over an area of approximately 1 ha. The site is located in
the dry moderate subzone of the Montane spruce bioclimatic zone. The soil was a Luvisol
with a texture of sandy clay loam. The site had a 7% slope with NE aspect and was neither
irrigated nor weed controlled after planting. The site was provided courtesy of Kelly Fay

from Riverside Forest Products, Kelowna, BC.

Table 3.1: Lifting and outplanting dates.

Lifting dates Days between lifting Assessment Days between assessment Outplanting
and assessment dates and outplanting dates
Sep. 19, 1995 167 March 03, 1996 80 May 22, 1996
Oct. 16, 1995 138 March 03, 1996 80 May 22, 1996
Oct. 31, 1995 137 March 17, 1996 80 June 05, 1996
Nov. 14, 1995 123 March 17, 1996 80 June 05, 1996
Dec. 01, 1995 121 March 31, 1996 80 June 19, 1996
Dec. 12, 1995 109 March 31, 1996 80 June 19, 1996

The climate data (max/min temperature, sunshine hours, precipitation, relative
humidity) for around the outplanting time (May Ol - July 31, 1996) were provided courtesy
of Alan Nourse from Environment Canada, Mountain Weather Services Office, Kelowna, BC
(Appendices I, IT). The transformed climate data for the planting period were provided
courtesy of Rob Scagel from Pacific Phytometric, Surrey, BC (Appendix III).

The 180 seedlings were assessed for survival at the end of the first growing season

(October 06, 1996) and the number of dead seedlings recorded. At the same time, distal most
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needle length (cm), collar diameter (mm), height at planting (cm), height increment in 1996
(cm) and total height (cm) were measured, and structure of the apical bud at planting and at
the end of the growing season (mono/multi podial) and needle morphology (primary,

secondary or mixed) were determined on 30 surviving seedlings for each lifting date.

3.2.8 Statistical Analysis

Simple linear correlations were computed to examine the relationships between field
performance and root morphological parameters, (number of elongating, absorbing, brown
roots, percent of white roots), viability before RGC, viability following RGC, RGC and
carbohydrate pool (reducing, total soluble, total non-structural carbohydrates and starch)
prior to and after storage. The mean value for each lifting date was used. In order to be
considered for further statistical analyses, the parameters had to be correlated with field
survival and/or performance. This potentially restricted the analyses to differences in percent
of white roots, viability (TTC reduction), RGC and total root carbohydrates over six lifting
dates. However, further statistical analyses for carbohydrates could not be carried out as the
correlations were based on calculated values.

Differences in percent of white roots prior to and after cold storage, viability (TTC
reduction) before and after RGC both prior to and after cold storage, RGC prior to and after
cold storage over 6 lifting dates were determined with sources of variation of least difference
(LD) and experimental error using one-way ANOVA. When the ANOVA showed a
significant result (p<0.05), specific differences among LD means were determined with the
least significant difference (LSD) test. All parameters listed above were analyzed by two-way
ANOVA (lifting dates versus treatments - prior to and after cold storage). A significance level
of p<0.05 was used. All statistical analyses were performed using the General Linear Model

of SAS 6.10. program (SAS Institute Inc., Carry, NC 27513, USA).
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3.3 Results

3.3.1 Root Morphology

The number of roots in each class; elongating, absorbing and brown, were monitored
on the root system at each lifting date (Fig. 3.1a). On all dates, the root system had a very
large percentage of white roots (sum of elongating and absorbing roots) (Fig. 3.1b). The
percentage of white roots gradually increased between Sep. 19 and Nov. 14, when 90% of the
roots were white (23% elongating and 76% absorbing). The percentage of white roots
decreased thereafter. The changes noted arose from parallel increases and decreases in the
absorbing and elongating roots (Fig. 3.1a). Seedlings lifted on Nov. 14 (Fig. 3.1b) had a
significantly higher proportion of white roots (LSD, p<0.05) relative to those lifted on other
dates (Appendix IV).

The distribution of white roots in the root plug after 7 days of regrowth in optimal
conditions (RGC) is presented in Fig. 3.1c. White roots were located predominantly at the
bottom of the root plug. There was a slight decrease in the proportion of white roots in the
top region between Sep. 19 and Nov. 14, followed by a slight increase thereafter.

Following cold storage, the number of roots in each class was again monitored (Fig.
3.2a). There were no elongating roots. On all dates, there was a low percentage of white roots
relative to that measured prior to cold storage (compare Fig. 3.1b with Fig. 3.2b). The
percentage of white roots increased from Sep. 19 to Nov. 14, and decreased thereafter.

Once again, the highest number of white roots after regrowth was located in the bottom of the
root plug (Fig. 3.2¢).

Viability (TTC reduction) results measured on seedling roots are presented in Fig.
3.3a. Root viability values were greater prior to cold storage than after cold storage on all
dates except for Sep. 19. Root viability increased from Sep. 19 to Nov. 14 and decreased
thereafter. There was a significant interaction between TTC reduction prior to and after cold
storage and lifting date (p<0.0001) (Appendix IV).

Viability was examined after regrowth (when there would be more white roots) (Fig.

3.3b). Both before and after cold storage, viability was higher following regrowth on all dates
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Figure 3.1: Root morphology data for lodgepole pine seedlings
prior to cold storage

a) Number of elongating, absorbing and brown roots. Data were
not analyzed by ANOVA.

b) Percent of white roots (sum of elongating and absorbing).
Means having common letter(s) are not significantly different
(p>0.05) according to a one-way ANOVA and LSD test.

¢) Percent of white roots in different regions of the root system
following RGC test. Data were not analyzed by ANOVA.
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Figure 3.2: Root morphology data for lodgepole pine seedlings
after cold storage

a) Number of absorbing and brown roots. Data were not analyzed
by ANOVA.

b) Percent of white roots (sum of elongating and absorbing).
Means having common letter(s) are not significantly different
(p>0.05) according to a one-way ANOVA and LSD test.

¢) Percent of white roots in different regions of the root system
following RGC test. Data were not analyzed by ANOVA.
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Figure 3.3: Viability and RGC for lodgepole pine seedlings prior to
and after cold storage

a) Viability before RGC prior to and after cold storage measured
as TTC reduction. Means having common letter(s) are not
significantly different (p>0.05) prior to cold storage (a, b, c)
and after cold storage (k, 1, m) according to a one-way ANOVA
and LSD test.

b) Viability after RGC prior to and after cold storage measured as
TTC reduction. Statistics are as described for Fig. 3.3a.

¢) RGC prior to and after cold storage. Statistics are as described
for Fig. 3.3a.
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except Sep. 19. There was a significant interaction between TTC reduction prior to and after
cold storage and lifting date (p<0.002).

The relationship between root viability following regrowth, measured by TTC
reduction, and RGC measured as number of white roots was assessed in roots prior to and
after cold storage. Prior to cold storage there was no correlation between these two parameters
(n=20, *= 0.18, p>0.4). After cold storage there was a good correlation between RGC and
viability (n=20, r *= 0.64, p<0.05).

RGC prior to and after storage is shown in Fig. 3.3c. The trend prior to cold storage
was the same as the trend in white roots (Fig. 3.1b). Seedlings lifted on Nov. 14 had
significantly higher RGC (LSD, p<0.05) than those from any other dates. There was no
significant difference between samples on the other dates. RGC values were significantly
higher (LSD, p<0.05) following cold storage than those prior to cold storage on all dates
except for Sep.19. There was a significant interaction between RGC prior to and after cold

storage and lifting date (p<0.0001).

3.3.2 Root Carbohydrates

There was little difference in the trend of reducing carbohydrates in the different root
classes over the study period, prior to and after cold storage (Fig. 3.4a,b). There was a
significant interaction between reducing carbohydrates in the root classes and lifting date
prior to cold storage (p<0.0005). By combining the data for the root classes, a peak can be
seen on Nov. 14, both prior to and after cold storage (Fig. 3.4c). No significant interaction
occurred between reducing carbohydrates in root classes and lifting date following cold
storage (p<0.56). Comparisons between total reducing carbohydrates prior to and after
storage showed that, with the exception of Sep. 19, seedling roots appeared to have higher
reducing carbohydrate contents after cold storage (Fig. 3.4c). In addition, the reducing
carbohydrate contents varied more between sample dates after cold storage than before cold
storage.

Total soluble carbohydrates content prior to cold storage was determined for all three

root classes (Fig. 3.5a). Little variation was noted. No significant interaction occurred between
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Figure 3.4: Content of reducing carbohydrates in roots of
lodgepole pine seedlings

a) In different root classes prior to cold storage. Data were not
analyzed by ANOVA.

b) In different root classes after cold storage. Data were not analyzed
by ANOVA.

c) In the root system prior to and after cold storage. Data are
derived as described in materials and methods section.
Data were not analyzed by ANOVA.
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total soluble carbohydrates in root classes and lifting date prior to cold storage (p<0.06).
Following cold storage, total soluble carbohydrates showed the same trend in absorbing and
brown roots, increasing from Sep. 19 to Nov. 14, and decreasing thereafter (Fig. 3.5b). No
significant interaction occurred between total soluble carbohydrates in root classes and lifting
dates following cold storage (p<0.14). Comparisons between before and after cold storage
data showed that storage appeared to be associated with a reduction in total soluble
carbohydrates for all dates except Nov. 14 (Fig. 3.5c). The greatest decrease was measured in
the Sep. 19 samples.

Starch content of seedlings prior to cold storage was relatively stable from Oct. 31 to
Dec. 12 for all three root classes (Fig. 3.6a). In elongating roots the amount of starch was
lower on Sep. 19, Oct. 16 and Dec. 12 than it was on other dates. there was a significant
interaction between starch content in root classes and lifting date prior to cold storage
(p<0.0001). Cold storage caused a dramatic decrease in starch content in both absorbing and
brown roots (Fig. 3.6b). The effect of storage on starch content can be seen clearly in Figure
3.6¢c. The greatest decrease was measured in the Sep. 19 samples. Following cold storage,
there was no significant interaction between starch content in root classes and lifting date
(p>0.98).

Total non-structural carbohydrate was calculated as the sum of total soluble
carbohydrate and starch. Throughout the study period, the absorbing roots had higher mean
amounts of total non-structural carbohydrate than elongating and brown roots (Fig. 3.7a). On
the first two sampling dates, Sep. 19 and Oct. 16, the elongating roots had less total non-
structural carbohydrate than was measured over the remainder of the study. There was a
significant interaction between total non-structural carbohydrates in root classes and lifting
date prior to cold storage (p<0.0003).

After cold storage, the absorbing roots again had higher total non-structural
carbohydrates in comparison with the brown roots, with the exception of the Sep. 19 samples
(Fig. 3.7b). The total non-structural carbohydrate content decreased following storage, with

the largest decrease in the Sep. 19 samples (Fig. 3.7c). The Nov. 14 samples lost the least total
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a) In different root classes prior to cold storage. Data were not
analyzed by ANOVA.
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by ANOVA.

c) In the root system prior to and after cold storage. Data are derived
as described in materials and methods section. Data were not
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non-structural carbohydrates during storage and consequently had the highest total non-
structural carbohydrate in comparison with that measured on the other dates. Following cold
storage, no significant interaction occurred between total non-structural carbohydrates in root
classes and lifting date (p<>0.32).

In the present study, correlations between the various carbohydrates were examined.
Correlation coefficients between reducing, total soluble, and total non-structural
carbohydrates, starch and RGC, prior to and after cold storage are given in Table 3.2.

As total non-structural carbohydrates were calculated as the sum of starch and total soluble
carbohydrates, strong correlations would be anticipated. This was the case after cold storage,
but prior to cold storage only total soluble carbohydrates were significantly correlated with
total non-structural carbohydrates. RGC was significantly correlated with reducing
carbohydrate prior to cold storage and with total soluble carbohydrates, total non-structural
carbohydrates and starch after cold storage. The correlations were performed again using
data from both 1995 and 1996 to determine whether correlations could be strengthened by
increasing the sample size (see Chapter IV). This approach eliminated correlations with RGC

after cold storage (Table 3.3).

3.3.3 Survival and Growth Parameters After the First Growing Season

Both the height at planting and the total height of seedlings at the end the growing
season increased with later lifting (Table 3.4). Despite this, seedlings lifted on Nov. 14 showed
the greatest height increment in 1996. Seedlings lifted on Nov. 14 also had the highest
survival rate, largest collar diameter, the longest distal needles and the greatest height
increment. There were no trends noted in needle morphology or apical bud morphology at
planting or at the end of the growing season.

Climatic data (daily max/min temperatures, sunshine, precipitation and relative
humidity and the 10 day weather summary after planting are shown in Appendices I, II and
III. According to the data, none of seedlings were exposed to adverse conditions in the 10

days following outplanting.
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Correlation coefficients between field performance and both root morphological
parameters and root growth indicators are given in Table 3.5. Surprisingly, the number of
brown roots prior to storage was significantly correlated in an inverse manner with distal
needle length, height at planting and total height. RGC is considered to be a good measure of
survival. The results show that RGC after cold storage was significantly correlated with all
measures of field performance and was not correlated with height at planting. Viability,
measured as TTC reduction, before cold storage was a good predictor of field performance.
Survival, collar diameter and height increment were all significantly correlated with viability.
TTC reduction measured after cold storage significantly correlated only with height
increment.

In order for a predictor to have general applicability for screening purposes. the
regression equations from different data sets must be similar (McKay, 1992). This could not
be addressed for RGC as there was only one data set for 1995. Following field assessment of
the 1996 seedlings, the applicability of the RGC test will be reassessed. Results presented in
Table 3.6 show that the slope of regression equations for TTC reduction are, in general,
similar.

Correlation coefficients between carbohydrates and field performance are given in
Table 3.7. No variables measured prior to storage correlated with field performance although
total soluble carbohydrate was reasonably good. Following storage, total soluble carbohydrate
showed a significant correlation with collar diameter, while starch was significantly correlated
with survival, total height and distal needle length. Total non-structural carbohydrate

correlated with survival and collar diameter.

3.4 Discussion

Assessment of the seedlings prior to cold storage suggested that seedlings lifted on
Nov. 14 would have the greatest potential for outplanting success and subsequent tree growth.
The seedlings had the highest number of white roots, the highest RGC and the highest

number of absorbing roots.
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Table 3.6: Linear regression equations of viability (before and after regrowth and before

and after cold storage) and survival, collar diameter and height increment.

Parameter Linear regression equations

Before cold storage After cold storage
Sur =-25.1 + 1.86 TTC (©* = 0.81) Sur =- 19.9 + 2.36 TTC (' = 0.42)
Survival (before regrowth)

Sur = - 45 + 1.94 TTC (* = 0.74) Sur = - 26.1 + 2.28 TTC (r' = 0.54)
(after regrowth)
Dia = 2.49 + 0.03 TTC (r* = 0.78) Dia = 3.28 + 0.03 TTC (r" = 0.16)
Coliar (before regrowth)
diameter Dia = 2.17 + 0.04 TTC (¢’ = 0.69) Dia = 2.28 + 0.04 TTC (r* = 0.36)
(after regrowth)
Inc = 2.71 + 0.14 TTC (r° = 0.66) Inc = - 0.4 + 0.26 TTC (r" = 0.75)
Height (before regrowth)
increment Inc = 0.98 + 0.14 TTC (7 = 0.64) Inc = 0.17 + 0.22 TTC (r* = 0.78)
(after regrowth)

Sur - survival; Dia - collar diameter; Inc - height increment

Although the presence of white roots demonstrates that the roots are not dormant, and
this would be expected to be deleterious to the seedling, Johnson-Flanagan and Owens (1985)
have found that there is a correlation between number of white roots and RGC. Thus, if the
reported relationship between high RGC and high survival following outplanting (Burdett,
1979) is true, which numerous researchers have shown is not (McKay, 1992, van den
Drissche, 1992), the present results indicate that the high number of white roots and high
RGC on Nov. 14 should result in high survival.

Root class has been suggested to be more important than root biomass in controlling
seedling survival (Johnson-Flanagan and Owens, 1985). Work by Stone et al. (1962)
demonstrated that the highest survival was associated with high production of absorbing roots.
In that case, high RGC was not coincident with absorbing roots. In the present study, Nov. 14

samples not only had high RGC, they had the highest proportion of absorbing roots.
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Comparisons between root growth prior to and after cold storage demonstrated that
root growth was lower after storage and was restricted to absorbing roots. These are important
in absorption.

RGC was higher on all dates, except Sep. 19 following storage. This suggests that
storage had a deleterious effect on the seedlings lifted on Sep. 19, but actually improved the
potential for renewed root growth on all other lifting dates. Once again, Nov. 14 seedlings
had the highest number of white roots and the highest RGC, further supporting the contention
that seedlings lifted on Nov. 14 were superior to the other lifting dates.

Carbohydrate changes have been measured throughout the lifting, storing and
thawing period in numerous conifer seedlings (Camm et al., 1995; Cannell et al., 1990;
Ritchie, 1982; Ritchie, 1987). Some of these studies have shown very subtle changes in
individual carbohydrates (Levesque, 1996). There is little evidence to support the idea that
these subtle changes reflect metabolic changes or that they are in any way conferring stress
tolerance. Despite this, the trend seems to be towards more complex methodology and
expensive equipment, while basic questions remain unanswered. For example, "Which
carbohydrates are the best measure of fitness?" and, "Can these be measured in a nursery
setting?"

Poor seedling performance after outplanting has been attributed to reduced
carbohydrate concentrations in several species, such as Engelmann spruce (Picea
engelmannii), Sitka spruce and Douglas-fir (Farmer 1978, Ronco, 1973). On the other hand,
Deans et al. (1990) did not find any relationship between total non-structural carbohydrate
and field performance in Sitka spruce. Recent work by Jiang et al. (1994) showed that total
non-structural carbohydrate decreased during cold storage. By comparing fall-lifted, cold-
stored seedlings and spring-lifted seedlings, they were able to see that this decrease in total
non-structural carbohydrate resulted from decreased starch, which in turn was associated with
low initial rates of root growth. This did not, however, translate into lower growth or survival
at the end of the growing season.

The objective of the present study was to determine whether measurements of

reducing, total soluble, total non-structural carbohydrates, or starch would provide fast and
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accurate methods to assess seedling stock for subsequent outplanting success and seedling
productivity. Carbohydrates as potential indicators of a seedling’s condition have several
important practical advantages over the RGC test and other tests that are currently used to
assess stock quality. Starch analysis, together with total soluble carbohydrate analysis and total
non-structural carbohydrate determination, can be completed in 2 days, requires relatively
inexpensive equipment (a spectrophotometer of any type), within-batch variation is low, and
since only small quantities of root material are needed (approximately 300 mg fresh weight)
the analyses are essentially nondestructive.

In order to study seedlings with a broad range of carbohydrate contents, seedlings
were lifted to cold storage before the onset of chilling, during chilling, soon after the chilling
requirement had been met and after the dormancy requirement had been met. The results
from the present study show that starch and total non-structural carbohydrate, assessed after
storage, are good indicators of survival. RGC was a good indicator of survival and seedling
performance in the first season following outplanting. On the other hand, carbohydrate levels
did not provide the best indication of subsequent seedling performance. While collar diameter
was significantly correlated with carbohydrates, height increment was not.

Although no one class of carbohydrate was correlated significantly (at the 95%
confidence level) with survival, collar diameter and height increment, there are indications that
they may be useful predictors. Both total soluble carbohydrate and total non-structural
carbohydrate were significantly correlated with survival and field performance at the 80%
confidence level. (At this level, reducing carbohydrate was significantly correlated with
survival and collar diameter). Further, total soluble carbohydrate and total non-structural
carbohydrate were significantly correlated with RGC, which in turn, was a good measure of
survival and field performance.

The results from the present study show that TTC reduction as a measure of root
viability when measured prior to storage is the best predictor of both survival and field
performance. Significant correlations were found between viability and each of survival,
collar diameter and height increment. The highest correlations were for data collected before

cold storage and in the absence of regrowth. These correlations have not been demonstrated
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before and indicate that TTC reduction has good potential as a pre-storage predictor of
survival and field performance following outplanting.

TTC reduction measures respiratory activity (Joslin and Henderson, 1984). Thus, we
can see that the roots were relatively inactive on Sep. 19. As respiration is a very good
measure of metabolic activity, these results point towards a serious problem in the seedlings
lifted on Sep. 19, which was not rectified by cold storage. Interestingly, high respiratory
activity was measured on Nov. 14, the lifting date that performed the best in the field.

The results from the present study demonstrate the utility of the static model for
chilling (Hanninen, 1990), but also demonstrate that lifting should not be postponed once the
chilling requirement has been met. According to the static model for chilling hours in 1995
(Appendix V), the seedlings began to accumulate chilling hours on Sep. 28 and the
requirement for storage (500 chilling hours) was met by Nov. 5 (Rob Scagel, pers. comm.).
Dormancy requirements were satisfied by Nov. 29. Although the seedlings would be expected
to maintain their metabolic and developmental status for a number of months, warmer
temperatures at the end of Nov. 1995 obviously led to changes in the root system (Appendix
VI). This may result from the fact that the root system as a whole is rarely, if ever dormant.
Root growth is episodic, with some roots growing while others are dormant or quiescent
(Johnson-Flanagan and Owens, 1985). This is demonstrated in RGC tests. In studies of white
spruce (Johnson-Flanagan and Owens, 1985) and in the present study of lodgepole pine,
there was significant RGC throughout the study period. In fact, the highest RGC values were
recorded on Nov. 14, when seedlings would be predicted to be dormant.

Seedlings continue to respire at low rates while in storage, slowly utilizing the
available carbohydrate reserves (van den Driessche, 1979). In the present study, total non-
structural carbohydrate decreased in response to cold storage. The same trend was found for
white spruce (Jiang et al., 1994), Douglas-fir (Ritchie, 1982), and Sitka spruce (Cannell et al.,
1990). These researchers concluded that the loss of total non-structural carbohydrate resulted
mainly from a decline in soluble carbohydrate rather than starch. In contrast, the decrease in

total non-structural carbohydrate in the present study was mostly a result of starch decline.
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Similarly, Chomba et al. (1993) found that Engelmann spruce root soluble carbohydrate was
not strongly affected by four months of cold storage, but that starch content was drastically
decreased by cold storage over the study period. It is not clear why different sources of
carbohydrates are utilized by different species.

The physiological state of the seedlings during storage appears to be more important
than time in cold storage. Seedlings lifted in December lost more total non-structural
carbohydrate than did those lifted in November. This higher rate of depletion may relate to
increased metabolism associated with quiescence , as the dormancy requirement was met on
Nov. 29. This could also explain the apparent temporal response up to November as seedlings
were accumulating chilling hours up to that point.

In the present study, the increased height at planting measured for lifting dates from
September to December was not beneficial for subsequent growth of the seedlings during the
first field season. To my knowledge, this has not been reported previously. Seedlings lifted on
Nov. 14 showed the highest increment in 1996 even though they were smaller at planting
time than were seedlings lifted in December.

In conclusion, the results from the present study indicate that root viability prior to
cold storage, measured as TTC reduction, may be a very good predictor of seedling survival
and field performance following outplanting. It is a rapid, inexpensive and simple method,
which is essentially non-destructive. It can be used before cold storage and it is a great
improvement over the RGC test, which must be done after cold storage in order to be
accurate. Finally, it appears that TTC reduction may be useful as a general predictor, as the
regression equations were, in general, similar under four different conditions. There is also
potential to use carbohydrates as predictors. However, in this case, additional work is required

to determine if the level of significance is acceptable.



56

3.5. Literature Cited

Bigras, F.J., and D’ Aoust, A.L. 1993. Influence of photoperid on shoot and root frost
tolerance and bud phenology of white spruce seedlings (Picea glauca). Can. I. For.
Res. 23:219-228.

Burdett, A.N. 1979. New methods for measuring root growth capacity: their value in assessing
lodgepole pine stock quality. Can. J. For. Res. 9:63-67.

Burdett, A.N,, and Simpson, D.G. 1984. Lifting, grading, packaging. /n Forestry nursery
manual: production of bareroot seedlings. Edited by M.L.Duryea and T.D.Landis.
Forest Research Laboratory, Oregon State University, Corvallis, Nijhof/Junk, The
Hague, Boston, pp. 227-234.

Camm, E.L., and Harper, G.J. 1991. Temporal variations in cold sensitivity of root growth in
cold-stored white spruce seedlings. Tree Physiol. 2:425-431.

Camm, E.L., Guy, R.D., Kubien, D.S., Goetze, D.C., Silim, S.N., and Burton, P.J. 1995.
Physiological recovery of freezer-stored white and Engelmann spruce seedlings
planted following different thawing regimes. New For. 10:55-77.

Cannell, M.G.R., Tabbush, P.M., Deans, J.D., Hollingsworth, M.K., Sheppard, L.J., Philipson,
J.J., and Murray, M.B. 1990. Sitka spruce and Douglas-fir seedlings in the nursery
and in cold storage: root growth potential, carbohydrate content, dormancy, frost
hardiness and mitotic index. Forestry. 63:9-27.

Chomba, M.B., Guy, R.D., and Weger, H. 1993. Carbohydrate reserves accumulation and
depletion in Engelmann spruce (Picea engelmannii, Parry): effect of storage and
pre-storage CO, enrichment. Tree Physiol. 13:351-364.

Deans, 1.D., Lundberg, C., Tabbush, P.M., Cannell, M.G.R., Sheppard, L.J., and Murray,
M.B. 1990. The influence of desiccation, rough handling and cold storage on the
quality and establishment of Sitka spruce planting stock. Forestry. 63:129-141.

Dubois, M., Gilles, K.A., and Hamilton, J.K. 1956. Colorimetric method for determination of

sugars and related substances. Analytical Chemistry, 28:350-360.



VR e

57

Farmer, R.E.Jr. 1978. Seasonal carbohydrate levels in roots of Appalachian hardwood
planting stock. Tree Plant. Notes 29(3):22-24.

Hinninen, H. 1990. Modeling bud dormancy release in tree from cool and temperate
regions. Acta For. Fenn.213:47-53.

Jiang, Y., Zwaizek, J.J., and Macdonald, S.E. 1994. Effects of prolonged cold storage on
carbohydrate and protein content and field performance of white spruce bareroot
seedlings. Can. J. For. Res. 24:1369-1375.

Johnson-Flanagan, A.M., and Owens, J. N. 1985. Root growth and root growth capacity of
white spruce (Picea glauca [Moench] Voss) seedlings. Can. J. For. Res. 15:625-630.

Joslin, J.D., and Henderson, G.S. 1984. The determination of percentages of living tissue in
woody fine root samples using triphenyltetrazolium chloride. For. Sci. 30:965-970.

Levesque, F. 1996. Carbohydrates in white spruce and lodgepole pine seedlings during
winter, outdoors, in freezer storage and thawing. M.Sc.Thesis, University of British
Columbia. Vancouver, 131 pp.

Lindstrém, A., and Nystrom, C. 1987. Seasonal variation in root hardiness of container-
grown Scots pine, Norway spruce, and lodgepole pine seedlings. Can. J. For. Res.
17:787-793.

McKay, H.M. 1992. Electrolyte leakage from fine roots of conifer seedlings: a rapid index of
plant viability following cold storage. Can. J. For. Res. 22:1371-1377.

McKay, H.M., and Mason, W.L. 1991. Physiological indicators of tolerance to cold storage in
Sitka spuce and Douglas-fir seedlings. Can. J. For. Res. 21:890-901.

Ritchie, G.A. 1982. Carbohydrate concentration reserves and root growth potential in
Douglas-fir seedlings before and after cold storage. Can. J. For. Res. 12:905-912.

Ritchie, G.A. 1987. Some effects of cold storage on seedling physiology. Tree Plant. Notes,
38:11-15.

Ritchie, G.A., and Dunlop, J.R. 1980. Root growth potential: its development and
expression in forest tree seedlings. N.Z.J. For. Sci. 10:218-248.

Ronco, F. 1973. Food reserves of Engelmann spruce planting stock. For. Sci. 19:213-219.



58

Ross, A.F. 1959. Part II. Dinitrophenol method for reducing sugars, In Potato Processing, Ed.
by W.F. Talburt, and O. Smith. The AVI Publishing Company Inc. Westport
Connecticut. pp. 469-470.

Rose, R., C.L., Rose, S.K., Omi, K.R., Forry, D.M., Durall, and Bigg, W.L. 1991. Starch
determination by perchloric acid vs enzymes: Evaluating the accuracy and precision
of six colorimetric methods. J. Agric. Food Chem. 39:2-11.

Sharpe, A.L., and Mason, W.L. 1992. Some methods of cold storage can seriously affect root
growth potential and root moisture content and subsequent forest performance of
Sitka spruce and Douglas fir transplants. Forestry, 65:463-476.

Steponkus, P.L. and Lanphear, F.O. 1967. Refinement of the triphenyl tetrazolium chloride
method of determining cold injury. Plant Physiol. 42:1423-142.

Stone, E.C., Jenkinson, J.L., and Krugman, S.L. 1962. Root-regenerating potential of
Douglas-fir seedlings lifted at different times of the year. For. Sci. 8:288-297.

van den Driessche, R. 1979. Respiration rate of cold-stored nursery stock. Can. J. For. Res.
9:15-18.

van den Driessche, R. 1992. Changes in drought resistance and root growth capacity of
container seedlings in response to nursery drought, nitrogen, and potassium
treatments. Can. J. For. Res. 22:740-749.

Vidaver W., Binder W., Brooke R.C., Lister G.R., and Toivonen, P.M.A. 1989. Assessment of
photosynthetic activity of nursery grown Picea glauca seedlings using an integrating
fluorometer to monitor variable chlorophyll fluorescence. Can. J. For. Sci. 19:1478-
1482.

Warrington, 1.J., and Rook, D.A. 1980. Evaluation of the techniqes use in determining frost

tolerance of forest planting stock: A review. N.Z.J. For. Res. 10;116-132.



CHAPTER IV

EFFECTS OF SLOW AND FAST COOLING ON ROOT GROWTH AND
MORPHOLOGY, AND ROOT AND NEEDLE CARBOHYDRATE
RESERVES IN LODGEPOLE PINE SEEDLINGS

4.1 Introduction

Foresters generally consider cold storage to be a benign method for maintaining
seedlings until designated plantation areas are free of snow. This, unfortunately, is not the
case. Numerous studies have demonstrated the deleterious effects of prolonged storage
(Camm and Harper, 1991; Cannell et al., 1990; Jiang et al., 1995; Puttonen, 1986; Ritchie,
1982; Venn, 1980). Tissues are known to remain metabolically active at temperatures above.
and even slightly below freezing (Marshall and Waring, 1985). Troeng (1991) reported that
respiration continues in cold-stored seedlings. Such respiration depletes seedling
carbohydrate reserves (Ritchie, 1982). Studies on Douglas-fir and Sitka spruce (Cannell et al..
1990), radiata pine (McCraken, 1979), ponderosa pine (Omi et al., 1994), Engelmannn
spruce (Ronco, 1972), and white spruce (Jiang et al., 1994) all showed losses of starch during
cold storage. In fact, Forry and Zaerr (1988) reported that root starch reserves were
completely utilized during cold storage of Douglas-fir. The effects of storage are also
manifested as losses in chlorophyll (Camm et al., 1993, Mattsson and Troeng, 1986),
decreases in RGC (Burr et al., 1988; Carlson, 1985; Tabbush, 1988) and decreases in survival
(Stone and Jenkinson, 1970). The effects of storing seedlings that have not acquired
sufficient chilling hours has also been demonstrated. In addition, the effects of different
thawing rates such as slow (thawing for 9 days at 5-15°C) and rapid (3-4 hours in dark at
21°C) have been studied (Camm et al., 1995; Levesque, 1996). What has not been addressed
is the effect of cooling rate on seedling health.

Currently, seedlings are cooled in boxes of 250 seedlings. This means that the
seedlings on the inside of box cool at a much slower rate than do the seedlings on the outside

of the box. The objective of this study was to assess the effect of slow (center region of the
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box) and fast (outermost region in the box) cooling rates on seedling health. The effect of
storage time on root carbohydrates was also examined. In addition, this study re-examines the
concentrations of different types of carbohydrates in relation to one another and RGC, in
order to gain further insight into the possible correlations reported in Chapter III. This

portion of the study is ongoing and will include field results when complete.

4.2, Material and Methods

4.2.1 Plant Material

Lodgepole pine (Pinus contorta Dougl. spp. latifolia) seedlings (seedlot #30862:
1500 m elevation; 50°54’N; 121°08°W) were grown as previously described (Chapter 3.2.1)
lifted from the greenhouse (Pitt Meadows, British Columbia) on September 23, November 14,

and December 06, 1996.

4.2.2 Pre-storage Sampling

Of the 420 seedlings lifted on each date (September 23, November 14, December 06,
1996), 30 were used to determine the total number of elongating, absorbing and brown roots
on the whole root system. All roots studied were long laterals and were classified as
elongating (white and lacking of root hair), absorbing (hair-covered white and possessing
root hairs), and brown (the root being enveloped by a necrotic layer). After counting the
number of roots on the whole root system, the seedlings were analyzed for reducing
carbohydrate, total soluble carbohydrate and starch content in both needle and roots as
described in Chapter III. Roots were washed in cold tap water and the central root mass of
each seedling was sampled by removing a 2 cm wide band of roots at a distance of
approximately | cm from the bottom of the root plug. Total non-structural carbohydrate was
calculated as described in Chapter III (3.26.4). Chlorophyll a and b and total chlorophyll
were determined in the needles. Needles were taken from 20 mm below the bud. A sample of

an additional 10 seedlings was used to determine RGC.
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4.2.3 Post-storage Experiment

Seedlings were stored at - 2°C in the dark (3-4.5 months). Seedlings were shipped
(refrigerated) overnight courtesy of Mike Susak from Rutland Cold storage, Hawkeye
Holdings Ltd., Kelowna, B.C. Seedlings entering cold storage were cooled at two different
rates (Fig. 4.1).
Fast cooling/slow thawing

Twelve bundles (10 seedlings each) with cellophane wrapped root plugs were placed
inside a waxed box containing a plastic-lined paper bag (the bundles did not touch each

other; there was space between them), and stored in cold storage at - 2°C. The temperature
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Figure 4.1: Slow and fast cooling

inside the center of the bundle was monitored daily with a probe thermometer (+ 0.5°C) until
the temperature reached - 2°C. This took 4 days (Fig. 4.1). The cold storage temperature was
constantly monitored and remained at - 2°C throughout the storage period. The lifting and
assessment dates are shown in Table 4.1. After 1 month of cold storage, 2 bundles were taken
out of cold storage and thawed at + 4°C in a cold room for 7 days. Five seedlings were taken
from the center of each bundle and subjected to root total soluble carbohydrate
determination. The same procedure was repeated for each of the lifting dates, one month
prior to thawing. At the end of cold storage, boxes of seedlings were moved to 4°C to thaw

for 7 days. From the 10 remaining bundles, the 4 central seedlings were taken to make a
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sample of 40 seedlings. The seedlings were subjected to determination of the same

parameters outlined above.

Slow cooling/slow thawing

Twenty-six bundles (10 seedlings each) were prepared as above and placed in cold

storage at - 2°C. In this case, the bundles were compactly packed. After 10 days, the

temperature inside the bundle from the center of box reached - 2°C (Fig. 4.1).

Table 4.1: Lifting and outplanting dates in 1996.

Lifting Dates September 23 November 14 December 6
Prior to cold September 23, 1996 November 14, 1996 December 6, 1996
storage

assessment date

Days between prior 30 30 30

to cold storage and

first assessment date

First assessment October 23, 1996 December 14, 1996  January 6, 1997
date

Days between first and 98 64 69

second assessment date
Second assessment January 28, 1997
date

Days between second 32
and after cold storage
assessment date

After cold storage February 28, 1997
assessment date

Days between after 96
cold storage assessment
and outplanting dates

Outplanting dates June 4, 1997

February 15, 1997

29

March 15, 1997

81

June 4, 1997

March 15,1997

31

April 16, 1997

49

June 4, 1997

Seedlings were sampled as outlined in Table 4.1 with slow thawing as described

above. At the end of cold storage, boxes of seedlings were moved to 4°C to thaw for 7 days.

Ten bundles (from 26 bundles) from the center of the box were removed and the 4 central
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seedlings from each bundle were pooled to make a 40 seedling sample. The seedlings were

subjected to the same assessments as above.

4.2.4 Sampling for Root Carbohydrates and Starch

Sampling was done as described in Chapter III.

4.2.5 Needle Reducing Carbohydrate and Total Soluble Carbohydrate Content

Needle samples (0.05 g of fresh weight) were taken 20 mm below the apical bud,
ground into a fine powder in liquid nitrogen with a mortar and pestle, and extracted in 3.0
mL phosphate buffer (20 mM, pH 7.2). The crude homogenate was centrifuged at 2,200 rpm
for 10 minutes. The supernatant was analyzed reducing and total soluble carbohydrates as

previously described (Chapter III, 3.2.6.1; 3.2.6.2).

4.2.6 Needle Starch Content

Needle tissue (0.25 g fresh weight) was taken 20 mm below the apical bud, ground
into a fine powder in liquid nitrogen with a mortar and pestle, and extracted three times in 5.0
mL of methanol:chloroform:water (MCW) (12:5:3 v/v/v), vortexed for 5 minutes, centrifuged
at 2,200 rpm for 10 minutes and the supernatant carefully aspirated. The remaining MCW
was evaporated to dryness by placing the rack of open tubes in an oven at 50°C for 4 h. The
pellet was subjected to the same procedure for starch determination as previously described

(Chapter II1, 3.2.6.3).

4.2.7. Total Chlorophyll, and Chlorophyll a and b Content

Chlorophylls were measured in needle samples (0.2 g) taken 20 mm below the apical
bud as follows: individual samples were ground in liquid nitrogen into a fine powder and
then | mL of 80% acetone was added while grinding continued. The slurry was transferred to
2 mL screwcap tubes. The mortar and pestle were rinsed with 1 mL of 80% acetone. This was
added to the microfuge tube. The sample was microcentrifuged at 13,000 rpm at 4°C for 10
minutes. The supernatant was transferred to a flask and kept on ice in the dark. The pellet was

resuspended in 300 uL. 80% acetone. After centrifugation, as above, the supernatants were
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combined. The pellet was extracted in 80% acetone, as above, until the pellet was white
(approximately 6 times). The supernatant was transferred to a 10 mL volumetric flask and the
volume was adjusted with 80% acetone. Absorbance was read at 665 nm and 649 nm. The

chlorophyll content in the sample was calculated by using the following equations (Vernon,

1960):
chlorophyll a (mg/L) = 11.63 (Ags) - 2.39 (Ag) (Equation 4.1)
chlorophyll b (mg/L) = 20.11 (Agg) - 5.18(Ages) (Equation 4.2)
total chlorophyll (mg/L) = 6.45 (Ags) + 17.72(Asy) (Equation 4.3)
4.2.8 Outplanting

The seedlings (80 per lifting date, 40 slow and 40 fast cooling) were removed from
cold storage and thawed for 7 days at + 4°C according to the schedule outlined in Table 4.1.
The seedlings were planted on a clear-cut site near Kelowna, British Columbia. The site was

provided courtesy of Kelly Fay from Riverside Forest Products, Kelowna, BC.

4.2.9 Statistical Analysis

Differences in number of elongating roots, percentage of white roots, RGC, reducing
carbohydrates (root and needle), total soluble carbohydrate (needle), starch (root), total non-
structural carbohydrate (root), and chlorophyll prior to and after cold storage (slow and fast
cooling) at each lifting date were determined with sources of variations of least difference
(LD) and experimental error using one-way ANOVA. Differences in the same parameters
were determined between lifting dates for prior to and after cold storage (slow and fast
cooling) using separate one-way ANOVA's. Differences in total soluble carbohydrate prior to
storage, during storage and after cold storage were determined using one-way ANOVA.
Specific differences among LD means were determined with the least significant difference
(LSD) test. All data parameters listed above were analyzed by two-way ANOVA (lifting dates
versus treatments - prior to and after cold storage, slow and fast cooling). A significance level
of p<0.05 was used. All statistical calculations were performed using the General Linear

Model of SAS 6.10. program (SAS Institute Inc., Carry, NC 27513, USA).
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4.3 Results
Three sampling dates were selected for the study in 1996. Seedlings had not been

exposed to chilling by the September date. By November 14 the chilling requirement had
been met and by December 6 the dormancy requirement had been met (Appendix VII).

The number of roots in each class, elongating, absorbing and brown, were monitored
in the root system for each lifting date (prior to cold storage). There were no differences in
the number of absorbing and brown roots between lifting dates, but seedlings lifted on Dec. 6,
had fewer elongating roots than those lifted on Nov. 14. (Fig. 4.2a).

The effect of cold storage and cooling rates can be seen in Figure 4.2b. On all dates,
the root system had a significantly higher (LSD, p<0.05) percentage of white roots prior to
cold storage than after cold storage, for both slow and fast cooling. As noted in the 1995
study, seedlings lifted in mid-November had significantly more (LSD, p<0.05) white roots
prior to cold storage relative to the other lifting dates (Chapter III; Figure 3.1b). Comparisons
between slow and fast cooling showed that slow cooling resulted in a significantly higher
(LSD, p<0.05) percentage of white roots for Nov. 14 and Dec. 6 lifting dates. There was no
significant interaction between percent of white roots prior to and after cold storage for both
slow and fast cooling rates and lifting dates (p>0.2). Following cold storage there were no
elongating roots, few absorbing roots and a high number of brown roots for both fast and
slow cooling (Fig. 4.3a).

RGC prior to and after cold storage was significantly lower (LSD, p<0.05) in
September than on the other two dates (Fig. 4.3b). The response to cold storage and cooling
rates was dependent upon the lifting dates. There was a significant interaction between RGC
prior to and after cold storage for both slow and fast cooling rates and lifting dates
(p<0.001). Slow cooling resulted in significantly higher (LSD, p<0.05) RGC values relative to
fast cooling for the Nov. 14 and Dec. 6 lifting dates.

The distribution of white roots in the root plug following prior to cold storage
regrowth is presented on Fig. 4.4a,b. White roots were predominantly located at the bottom of
the root plug under all conditions. Fast cooling led to a significantly higher (LSD, p<0.05)

percentage of white roots in the bottom of the plug on all lifting dates (Fig. 4.4b).
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Figure 4.2: Root morphology data for lodgepole pine seedling

a)

b)

prior to and after cold storage

Number of elongating, absorbing and brown roots prior to cold
storage. Means having common letter(s) are not significantly
different (p>0.05) prior to cold storage (a, b, c¢) for elongating
roots according to a one-way ANOVA and LSD test.

Percent white roots (sum of elongating and absorbing). Means
having common letter(s) are not significantly different (p>0.05)
prior to cold storage (a, b, c), after cold storage (slow cooling; k,
I, m), and after cold storage (fast cooling; p, g, r) according to a
one-way ANOVA and LSD test.
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Figure 4.3: Root morphology data and RGC for lodgepole pine

a)

b)

seedlings prior to and after cold storage

Number of absorbing and brown roots after cold storage. Data
were not analyzed by ANOVA.

RGC prior to and after cold storage. Means having common
letter(s) are not significantly different (p>0.05) prior to cold
storage (a, b, ¢), after cold storage (slow cooling; k, I, m), and
after cold storage (fast cooling; p, g, r) according to a one-way
ANOVA and LSD test. Means having common letters (x, y, z)
are not significantly different (p>0.05) for a lifting date
according to a one-way ANOVA and LSD test.
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Figure 4.4: Root morphology following RGC for lodgepole pine

a)
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seedlings prior to and after cold storage

Percent white roots in different regions of the root system prior
to cold storage. Data were not analyzed by ANOVA.

Percent white roots in different regions of the root system after
cold storage (slow or fast cooling). Data were not analyzed by
ANOVA.
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Prior to cold storage, the amount of reducing carbohydrate in the root was
significantly higher (LSD, p<0.05) on Nov. 14, than on the other two dates (Fig. 4.5a). This
advantage was lost following storage. The response to cooling rate was variable but a
significant interaction occurred between reducing carbohydrate prior to and after cold
storage for both slow and fast cooling rates and lifting date (p<0.0001).

The changes in root total soluble carbohydrate during storage were examined by
sampling prior to cold storage, twice during cold storage (first and second assessment) and
after cold storage (Table 4.2). Total soluble carbohydrate content prior to cold storage was
significantly higher on Nov. 14 (LSD, p<0.05) as compared with the other dates. Cold storage
initially led to an increase in total soluble carbohydrate. The greatest increase was in response
to slow cooling in the December samples. Fast cooling consistently resulted in lower total

soluble carbohydrate during storage relative to slow cooling.

Table 4.2: Fluctuations in total soluble carbohydrate during cold storage.

Lifting Dates
Stage in cold storage September 23 November 14 December 6
Prior to cold storage 7.3+0.74¢ 9.2+1.07° 8.1+0.64¢
First assessment
(a2 month in cold storage)
slow cooling 10.240.46" 18.1£1.32* 22.3+£0.90*
fast cooling 8.9+0.44° 16.6+0.99* 15.240.63°
Second assessment
(a month prior to thawing)
slow cooling 6.5+0.26%¢ 9.3+0.79" 14.8+0.59"¢
fast cooling 1.9+0.14 8.8+0.59° 11.9+0.89°
After cold storage
: slow cooling 8.46+0.21"¢ 9.5+0.46" 4.3+0.68°
fast cooling 5.44+0.61° 8.840.31° 3.4+0.48°

mean+SE; means within columns having common letter(s) are not significantly different at

p>0.05;
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Figure 4.5: Carbohydrate content in lodgepole pine seedling roots

a) Reducing carbohydrate content prior to and after cold storage
(slow and fast cooling). Means having common letter(s)are not
significantly different (p>0.05) prior to cold storage (a, b, c), after
cold storage (slow cooling; k, |, m), and after cold storage (fast
cooling; p, q, r) according to a one-way ANOVA and LSD test.
Means having common letter(s) (x, y, z) are not significantly
different (p>0.05) at a lifting date according to a one-way ANOVA
and LSD test.

b) Starch content prior to and after cold storage (slow and fast
cooling). Statistics are as described for Fig. 4.5a.

¢) Total non-structural carbohydrate content prior to and after cold
storage (slow and cooling). Statistics are as described for Fig. 4.5a.
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The results for root starch content are shown in figure. 4.5b. Seedlings lifted in
November and December had significantly higher (LSD, p<0.05) amounts of starch than
those from September, prior to cold storage; cold storage decreased starch content; and the
effect was significantly greater (LSD, p<0.05) in response to fast cooling for seedlings lifted
in November and December. There was a significant interaction between starch content prior
to and after cold storage for both slow and fast cooling and lifting date (p<0.0001).

Total non-structural carbohydrate was assessed as the sum of total soluble
carbohydrate and starch (Fig. 4.5¢). Relative to slow cooling, fast cooling led to significantly
greater (LSD, p<0.05) decreases in total non-structural carbohydrate after cold storage in
seedlings lifted on Nov. 14 and Dec. 6. The seedlings lifted on Dec. 6 showed the largest
decrease in total non-structural carbohydrate after cold storage relative to seedlings lifted on
the other two dates. There was a significant interaction between total non-structural
carbohydrate content prior to and after cold storage for both slow and fast cooling and lifting
date (p<0.0001).

Examination of the reducing carbohydrate content in needles showed little change in
response to cold storage (Fig. 4.6a). Values were significantly different (LSD, p<0.05)
between lifting dates prior to cold storage, with the September samples having the least
reducing carbohydrate. No significant interactions occurred between needle reducing
carbohydrate prior to and after cold storage for both slow and fast cooling and lifting date
(p>0.6). The total soluble carbohydrate content was also significantly lower (LSD, p<0.05) in
September relative to the other two lifting dates, prior to cold storage (Fig. 4.6b). Unlike
reducing carbohydrate, there was a significant response to cold storage and cooling rate. Slow
cooling increased total soluble carbohydrate content relative to contents prior to cold storage
in the September and November samples. Fast cooling caused a decrease in samples lifted in
November and December and an increase in the September samples relative to measurements
prior to cold storage. There was a significant interaction between total soluble carbohydrate
content prior to and after cold storage for both slow and fast cooling and lifting date
(p<0.001). Starch content in the needles was below the detection limits of the method, thus

neither starch nor total non-structural carbohydrates are reported.
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Figure 4.6: Carbohydrate content in needles of lodgepole pine

a)

b)

seedlings

Reducing carbohydrate content prior to and after cold storage
(slow and fast cooling). Means having common letter(s) are not
significantly different (p>0.05) prior to cold storage (a, b, ¢),
after cold storage (slow cooling; k, I, m), and after cold storage
(fast cooling; p, q, r) according to a one-way ANOVA and LSD
test. Means having common letter(s) (x, y, z) are not
significantly different (p>0.05) at a lifting date according to a
one-way ANOVA and LSD test.

Total soluble carbohydrate content prior to and after cold
storage (slow and fast cooling). Statistics are as described for

Fig. 4.6a.
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Chlorophyll contents and chlorophyll a/b ratios were examined in needles
(Fig. 4.7a,b; Fig. 4.8a,b). Small changes in chlorophyll a and b content are on Fig. 4.7a,b for
seedlings lifted on Sep. 23 and Dec. 6 only.

4.4. Discussion

One of the objectives of the present study was to confirm the relationships noted in
1995. These included the effects of cold storage on seedlings lifted at three different
physiological states, the relationship between carbohydrates and RGC (reported in Chapter
II), the utility of RGC and carbohydrate analyses as predictors of seedling survival and field
performance, and the effect of cold storage on drought stress tolerance (reported in
Chapter V).

Differences in seedling physiology were needed to further study these relationships.
For this reason, seedlings were lifted prior to chilling (September), once the chilling
requirement had been met (November) and after the dormancy requirement had been met
(December). Seedling health, measured as RGC and content of reducing carbohydrate, total
soluble carbohydrate, starch and total non-structural carbohydrate, before and after cold
storage, was again compromised by early lifting. Delaying lifting until after the dormancy
requirement had been met also led to decreased seedling health, although the response was
less than that measured in 1995. These results indicate that the data set should provide further
insight into the relationships noted above. As such, the data have been analyzed and
integrated into the appropriate chapters, with the exception of the work requiring field
analysis.

The other objectives of the present study were to begin to examine the effect of
cooling rates on seedling health, measured as RGC, root and needle carbohydrate and needle
chlorophyll content, before and after cold storage and the effect of storage time on root
carbohydrates. The results will be compared with field data collected in the fall of 1997. As
such, the work reported herein is preliminary in nature and, therefore, is not a comprehensive

study.
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Figure 4.7: Chlorophyll a and b content in needles of lodgepole

a)

b)

pine seedlings

Chlorophyll a content prior to and after cold storage (slow and
fast cooling). Means having common letter(s) (x, y, z) are not
significantly different (p>0.05) at a lifting date according to a
one-way ANOVA and LSD test.

Chlorophyll b content prior to and after cold storage (slow and
fast cooling). Statistics are as described for Fig. 4.7a.
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Figure 4.8: Total chlorophyll and chlorophyll a/b ratio in needles
of lodgepole pine seedlings

a) Total chlorophyll content prior to and after cold storage (slow
and fast cooling). Means having common letter(s) (x, y, z) are
not significantly different (p>0.05) at a lifting date according to
a one-way ANOVA and LSD test.

b) Chiorophyll a/b ratio prior to and after cold storage (slow and
fast cooling). Statistics are as described for Fig. 4.8a.
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The results from the present study clearly show that slow cooling is superior to fast
cooling. RGC, root total soluble carbohydrate, starch and total non-structural carbohydrate,
and needle total soluble carbohydrates were all higher following slow cooling. Of these, RGC,
root total soluble carbohydrate and total non-structural carbohydrate have been shown to be
significantly correlated with outplanting success and subsequent field survival (Chapter III).
This result is counterintuitive. Metabolic processes, such as respiration, are temperature
dependent (Ritchie, 1982). Ritchie (1987) found that seedlings stored at - 2°C had
approximately 2.5 mg more root total non-structural carbohydrates than ones stored at 2°C.
Camm et al. (1995) noted that slow thawing promoted respiration and loss of carbohydrate
reserves in the root.

Although fast cooling was expected to result in better seedling health, the results of
the present study clearly showed that slow cooling is superior to fast cooling in this regard.
This may be a reflection of the ability of seedlings to adapt gradually in the case of slow
cooling while less adaptation is possible under fast cooling conditions. Further, the slow
cooled seedlings were only exposed to temperature above - 2°C for 6 days longer than fast
cooled seedlings, so depletion of carbohydrate may not be as great as those reported by
Ritchie (1987).

Needle chlorophyll content has been used as a measure of seedling health. In the
present study, seedlings underwent significant changes in RGC and carbohydrate content in
the absence of changes in chlorophyll content. This suggests that chlorophyll content, while
being easy, fast and inexpensive to measure, is not an accurate index of seedling health.

Time in cold storage is expected to be less important in determining seedling health
than is rate of thawing (Levesque, 1996). Results from the present study do not support this
supposition, as there were significant changes in total soluble carbohydrate during the storage
period. In all samples, total soluble carbohydrate increased after one month in cold storage
and decreased thereafter. Jiang et al. (1994) also noted changes in carbohydrates during
storage of white spruce but in their study, total soluble carbohydrate decreased over the first

month while starch increased. Thus, time in storage is obviously an important consideration.
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Different findings in physiological changes caused by cold storage can be considered species
specific for spruce and pine.

Currently, the industry slow cools nursery stock entering cold storage. Seedlings are
boxed and the boxes are packed into cold storage facilities. On the basis of the findings from

the preliminary study, it would not be suggested that they alter the slow cooling practice.
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CHAPTER V

5. In vivo STUDY OF LODGEPOLE PINE SEEDLING DROUGHT
TOLERANCE

5.1 Introduction

Drought tolerance at the time of planting is an important factor influencing seedling
survival and growth (Blake and Sutton, 1987; Kozlowski et al., 1991). Newly planted
seedlings, regardless of how carefully handled, will almost always be subjected to some degree
of water deficit. This is particularly true since the seedlings often have a very small root
system at planting (Sands, 1984). Therefore, any period of drought can quickly result in
severe water stress and high mortality as a result of poor water uptake by the roots.

Loss of cell membrane integrity is associated with drought stress and can be measured as
electrolyte leakage (Levitt, 1980). Electrolyte leakage has been shown to be proportional to
the level of drought injury in winter rape (Brassica napus) (Dlugokecka and Kacperska-
Palacz, 1978). Both Zwaizek and Blake (1990) and Martin et al. (1987) used electrolyte
leakage to measure drought stress in conifers. Zwaizek and Blake (1990) noted that
electrolyte leakage was superior to electrical impedance and xylem sap osmolarity methods in
detecting drought stress-induced membrane damage. Electrolyte leakage is measured as a
percent of the total electrolytes and is then referred to simply as injury (Blum and Ebercon,
1981). It has also been suggested as a possible indicator of seedling performance in the
absence of drought (McKay and Mason, 1991).

Plants can be preconditioned to tolerate drought stress by subjecting them to moderate
levels of drought (Levitt, 1980). This induces a number of changes, including increased
stomatal resistance and the accumulation of osmotically active solutes (Ackerson and Herbert,
1981), including monosaccharides and disaccharides (Martin et al., 1987). van den Driessche
(1991) demonstrated that lodgepole pine seedlings that had been exposed to drought cycles
in the nursery retained tolerance even after outplanting. This, however, depended on the

storage conditions. Jiang et al. (1994; 1995) noted that storage conditions resulting in
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depletion of storage reserves (starch and soluble carbohydrates) resulted in reduced drought
tolerance.

Despite the fact that lodgepole pine is frequently planted on dry sites and, therefore,
drought tolerance would be advantageous, there has been little research on in vivo assessment
of drought tolerance in this species. The objective of the present study was to develop the
methodology for in vivo assessment in lodgepole pine. Once this was accomplished, the
relationships between seedling carbohydrate status and stress tolerance, and stress tolerance
and outplanting performance were assessed. Finally, the potential to use MC (moisture
content) or RGC after stress or carbohydrate analysis prior to stress to predict drought stress

tolerance was addressed, using electrolyte leakage as the indicator of drought stress injury.

5.2. Material and Methods

5.2.1 Plant Material

Lodgepole pine (Pinus contorta Dougl. spp. latifolia) seedlings (seedlot #30862: 1500
m elevation; 50°54’N; 121°08’W) were lifted from the greenhouse (Pitt Meadows, British
Columbia) on September 19, October 16, and 31, November 14, December 01, and 12, 1995
(Chapter III, Table 3.1) and September 23, November 14, and December 06, 1996 (Table

5.1). Assessments were made prior to and after cold storage.

Table 5.1: Lifting dates.

Number of Assessment
Lifting Dates days in cold storage Dates
September 23, 1996 158 February 28, 1997
November 14, 1996 121 March 15,1997

December 06, 1996 131 April 16, 1997
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5.2.2 Development of Drought Stress Experimental Design

A sample of 120 seedlings was selected from a pool of seedlings from all six lifting dates
prior to cold storage in 1995. Seedlings were planted individually in 95 mm by 230 mm pots
containing sand-peat-vermiculite (2:1:1, v/v/v), and grown under controlled conditions of
22°C with a 16 h photoperiod of 400 pumol m?s” photon flux density and 75% relative
humidity. Control seedlings (36) were watered to the point of runoff on days 0, 1, 4 and 8.
These were considered to be optimum conditions. Drought stressed seedlings (36) were
planted into dry substrate and were not watered during the 10 day drought stress treatment.
Soil moisture content (MC) and needle moisture content from the control group were
determined on 6 separate samples on each of day 0, 2, 4, 6, 8, 10. The seedlings from the
stressed group (n=6) were used for determination of needle MC, needle injury and root
injury, after 0, 2, 4, 6, 8, 10 days of drought stress. The remaining 48 seedlings were used to

determine RGC after 0, 2, 4, 6, 8, 10 days of drought (n=8).

5.2.3 Pre-storage Experiment
Seedlings (20) were lifted on 3 lifting dates in 1996, and subjected to a 10 day drought
stress as described above. Needle MC, needle injury and root injury, RGC and survival rate

were determined on day 10.

5.2.4 Post-storage Experiment

Seedlings (20) were lifted on each lifting date, cold stored at -2°C and transplanted as
described in Chapter III; Chapter IV (Materials and Methods, 3.2.3; 4.2.3). After storage, the
seedlings were thawed at 4°C in a cold room for 7 days. The seedlings from 6 lifting dates in
1995 and 3 lifting dates in 1996 were submitted to a 10 day drought stress. The same

parameters were monitored as above.

5.2.5 Moisture Content of Soil (MC)
On day 0, and every second day thereafter, 1 g soil samples (I from each pot) were taken
approximately 5 cm from the soil surface, weighed, and dried for 2 days at 60°C (until

constant weight) and reweighed. The moisture content was expressed as:
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MC (%) = Fresh weight - Dry weight x 100 (Equation 5.1)
Fresh weight

5.2.6 Content of Needles (MC)
Approximately 0.5 g of needles from each of 6 seedlings were taken from 20 mm
below the apical bud. Samples were weighed, dried, reweighed and the MC calculated as

above (Tabbush, 1987).

5.2.7 Electrolyte Leakage of Needles
Electrolyte leakage was measured in needle samples taken 30 mm below the apical bud

as follows. Approximately 0.3 g of needles cut in | cm long pieces from 6 control and 6
stressed seedlings were placed individually into 28 mL glass bottles containing 16 mL
distilled water of a known conductivity. The bottles were capped and left at room temperature
for 24 h and the conductivity was measured on CDM 83 conductivity meter (Radiometer,
Copenhagen, Denmark). Following autoclaving for 10 min at 120°C, cooling to room
temperature and adjusting the volume, the total conductivity of each sample was measured
(McKay, 1992). Stress was expressed as percent injury, calculated (Blum and Ebercon, 1981)
as:

percent injury = 1-[1-(T,/T)/1-(C,/C,)] x 100 (Equation 5.2)
where:
T and C - refer to the means of treatment and control, respectively, and

subscripts | and , - refer to the initial and final conductivities, respectively.

5.2.8 Electrolyte Leakage of Roots

The roots of control (6) and stressed (6) seedlings were washed in cold tap water to
remove soil and rinsed in deionized water to remove surface ions. The central root mass of
each seedling was sampled by removing a 20 mm wide band of roots at a distance of
approximately 80-100 mm from the root collar. Roots less than 2 mm in diameter were
randomly collected from the band. The sample size was approximately 0.3 g. Electrolyte

leakage was measured and percent injury determined as above.
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5.2.9 Root Growth Capacity (RGC)

Seedlings (8) were subjected to a 10 day drought stress. Starting on day 11, the seedlings
were watered to the point of runoff every second day and were grown under optimum
conditions (Chapter III, Materials and Methods, 3.2.5) for 7 days to estimate RGC (Johnson-
Flanagan and Owens, 1985). Control seedlings (8) were also subjected to the RGC test.

5.2.10 Survival Rate
Seedling survival was determined on the basis how many seedlings were able to grow new
roots in 7 days under RGC conditions after they were exposed to a 10 day drought stress.

Eight seedlings were sampled for each lifting date.

5.2.11 Statistical analysis

Simple linear correlations were computed to examine the relationship between both
needle MC and needle injury and root injury and RGC over a 10 day stress period. The
relationships between needle MC and needle injury, and RGC and root injury, in addition to
their relationship with field performance were examined using a simple linear correlation.
Simple linear correlations were applied to examine relationships between both RGC and root
injury and root reducing, total soluble, and total non-structural carbohydrates, and starch.

Differences in needle MC and needle injury, RGC and root injury after cold storage,
among 6 lifting dates in 1995 and prior to and after storage among 3 lifting dates in 1996
were determined with sources of variation of LD and experimental error using one-way
ANOVA. Specific differences among LD means were determined with the least significant
difference (LSD) test. All data parameters in 1996 listed above were analyzed by two-way
ANOVA (lifting dates versus treatments prior to and after cold storage). A significance level
of p<0.05 was used. Compilation was done using the General Linear Model of SAS 6.10

(SAS Institute Inc., Carry, NC 27513, USA).
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5.3 Results

5.3.1 Preliminary Study

The results of substrate MC presented in Table 5.2 show that the well watered (control)
substrate contained 28-31% moisture. The average moisture content used for drought stress
was approximately 10% on day zero, dropping by day 10 to 1.0%. The resuits indicate a
water deficit in the substrate. The method was the same as that used by Marsden et al. (1996)
to simulate drought conditions. The seedlings from the control group had an average needle
MC of 65% over 10 days (Table 5.2). Needle MC decreased linearly to 53% by day 10 in
drought stressed seedlings. This indicates that the seedlings were experiencing drought
conditions.

Electrolyte leakage of needles is expressed as percent injury caused by drought stress.
There was a linear increase in needle injury from 2.6% on day 2 to 18% on day 10 (Table
5.2). Needle injury and MC were related in an inverse linear manner (r’=-0.97; p<0.001). A
more dramatic increase in injury during 10 days of drought stress was observed in roots
(Table 5.2). The injury increased linearly from 4.7% on day 2 to 42% on day 10.

The total number of white roots produced in the RGC test decreased linearly from [15 to
20 during 10 days of stress (Table 5.2). Root injury and RGC showed a highly significant
inverse linear correlation (r'=-0.96; p<0.001).

Despite a large increase in drought stress injury (measured as needle and root electrolyte
leakage) over the 10 day period, all seedlings survived the stress treatment measured after 7
day regrowth. The results from this preliminary drought stress experiment indicated that a 10

day drought stress treatment was suitable to use for further experimentation.

5.3.2 1995 Study
Seedlings were exposed to the 10 day drought stress treatment following cold
storage and thawing. The control seedlings showed an average needle MC of 65%

(Fig. 5.1a); the same as for seedlings that had not been in cold storage (Table 5.2).
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Figure 5.1: Response of lodgepole pine seedling needles to drought
stress following cold storage in 1995

a) Moisture content in needles from control and drought stressed
seedlings. No significant effects detected by a one-way
ANOVA.

b) Percent needle injury in response to drought stress. Means
having common letter(s) are not significantly different (p>0.05)
according to a one-way ANOVA and LSD test.
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Needle MC of seedlings that had been drought stressed for 10 days varied from 38% to 47%.
depending on the lifting date. The highest needle MC was in seedlings lifted on Oct. 31,
1995; the lowest value was in seedlings lifted on Dec. 01, 1995, but the differences were not
significant (LSD, p<0.05).

The response of needles to drought stress following cold storage was assessed by
electrolyte leakage measurements (Fig. 5.1b). The values, expressed as percent injury, varied
from 32% (Nov. 14, 1995) to 58% (Sep. 19, 1995). Seedlings lifted on Sep. 19, 1995 had the
highest percent injury (LSD, p<0.05). No other significant differences were noted. Percent
injury was not significantly correlated with needle MC (r*=-0.01, p<0.8).

Root injury changed significantly (LSD, p<0.05) over the study period. Injury decreased
from Sep. 19 to Oct. 31, remained low on Nov. 14, [both Oct. 31 and Nov. 14 had
significantly lower (LSD, p<0.05) root injury in comparison to other dates] and increased
thereafter (Fig. 5.2a). Root injury ranged from a low of 31% (Nov. 14, 1995) to a high of
66% (Dec. 12, 1995).

Control seedlings lifted on Nov. 14, 1995 had the highest number of white roots
following RGC (Fig. 5.2b) while seedlings lifted on Sep. 19, 1995, had the lowest number.
Drought conditions significantly decreased (LSD, p<0.05) the RGC of cold-stored seedlings.
Following stress, the highest the number of white roots produced in the RGC test was in
seedlings lifted on Nov. 14, 1995; the lowest number was in seedlings lifted on Sep. 19,

1995, with the average value being 25 white roots. RGC and root injury showed a significant
inverse correlation (r’=-0.68; p<0.05).

Root architecture as well as root growth is important for survival. Following drought
stress, root growth following RGC was confined to the bottom and middle region of the root
system (Fig. 5.2c). In comparison, cold-stored seedlings that were not exposed to drought
stress (control seedlings) had white roots on the top region of the root system and
proportionately more white roots in the middle region (Fig. 3.2b).

Survival results (Table 5.3) indicate that seedlings lifted on Sep. 19, 1995, were the least
able to survive the stress. Seedlings collected on Oct. 31, and Nov. 14, 1995 had 100%

survival.
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Figure 5.2: Response of lodgepole pine seedling roots to drought

a)

b)

c)

stress following cold storage in 1995

Percent root injury in response to drought stress. Means having
common letter(s) are not significantly different (p>0.05)
according to a one-way ANOVA and LSD test.

RGC of control and drought stressed seedlings. Statistics are as
described for Fig. 5.2a.

Percent of white roots in different regions of the root system
under RGC conditions following drought stress. Data were not
analyzed by ANOVA.
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Drought tolerance is expected to be controlled, in part, by carbohydrate content
(Thomas 1990; Zwiazek and Blake, 1990). RGC following drought stress showed a significant
correlation with reducing (r=0.87; p<0.05), total soluble (r=0.86; p<0.05) and total non-
structural carbohydrate (r=0.86; p<0.05) following storage (Table 5.4). At the same time,
root injury was significantly correlated in an inverse manner with total soluble carbohydrate

(r=-0.84; p<0.05) and total non-structural carbohydrate (r=-0.81; p<0.05) following storage.

Table 5.3: Survival rate of seedlings (following storage) after a 10 day drought stress and
regrowth for 7 days under RGC conditions.

Lifting Dates Survival rate (%)
September 19, 1995 50
October 16, 1995 62.5
October 31, 1995 100
November 14, 1995 100
December 01, 1995 62.5
December 12, 1995 62.5

n=8 seedlings

Table. 5.4: Correlation coefficients (r) for RGC and root injury with root reducing
carbohydrate, total soluble carbohydrate, starch and total non-structural carbohydrate

following cold storage and drought stress in 1995.

Stress parameter Reducing Total soluble Starch Total non-
carbohydrate carbohydrate structural
carbohydrate
RGC 0.87 (0.02) 0.86 (0.03) 0.73 (0.1) 0.86 (0.03)
Root injury - 0.62 (0.2) - 0.84 (0.03) -0.52(0.3) - 0.81 (0.03)

p values are indicated in brackets, n=g



In order to determine whether drought tolerance had an impact on seedling growth
following outplanting, correlations were carried out between the indices of stress and field
performance (Table 5.5). Neither MC of stressed needles nor root injury correlated
significantly with any measured field parameter. RGC following drought stress was correlated
with field survival (r=0.86; p<0.03) and collar diameter (r=0.86; p<0.03). Needle injury
showed the highest inverse correlation with field survival (r=-0.89; p<0.01), and with height
increment in 1996 (r=-0.94; p<0.01). Needle injury was also inversely correlated with collar

diameter (r=-0.81; p<0.05).

5.3.3 1996 Study

Three lifting dates were studied in 1996. The results for 1996 were similar to those for
1995. In both years, seedlings that had not collected chilling hours (Sep. samples)
performed poorly and those lifted soon after the chilling requirement had been met
(mid-Nov.) performed well.

In 1996, the control seedlings had an average of 59% and 63% needle MC, prior to and
after storage, respectively (Fig. 5.3a). Needle MC from drought stressed seedlings was an
average of 45% and 52%, prior to and after storage, respectively. Needle MC of seedlings
lifted on Sep. 23, 1996, prior to storage, was significantly lower (LSD, p<0.05) than that
following storage. There was no significant effect of storage on the other dates. There was a
significant interaction between needle MC prior to and after cold storage and lifting date
(p<0.001).

There was a good inverse correlation between needle MC and injury prior to (r*=-0.97;
p>0.1) and after storage (r°=-0.87; p>0.2). Seedlings lifted on Sep. 23, 1996 had
significantly higher (LSD, p<0.05) needle injury (45% and 36%), prior to and after storage in
comparison with the other dates (Fig. 5.3b). The lowest needle injury was in seedlings lifted
on Nov. 14, 1996 (12% and 7%, prior to and after storage, respectively). No significant
interactions occurred between needle injury prior to and after cold storage and lifting date
(p>0.2).

Root injury followed the same trend as needle injury (Fig. 5.4a). Root injury for
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Figure 5.3: Response of lodgepole pine seedling needles to drought

a)

b)

stress prior to and after cold storage in 1996

Moisture content of stressed needles prior to and after cold
storage in 1996. Means having common letter(s) are not
significantly different (p>0.05) at a lifting date according to a
one-way ANOVA and LSD test.

Percent needle injury in response to drought stress prior to and
after storage in 1996. Statistics are as described for Fig. 5.3a.
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Figure 5.4: Response of lodgepole pine seedling roots to drought

a)

b)

stress prior to and after cold storage in 1996

Percent root injury in response to drought stress prior to and
after cold storage. Means having common letter(s) are not
significantly different (p>0.05) at alifting date according to a
one-way ANOVA and LSD test.

RGC of control and drought stressed seedlings prior to and
after cold storage in 1996. Statistics are as described for Fig.
5.4a.

95



R

96

seedlings lifted in September was significantly higher (LSD, p<0.05) than in seedlings lifted
in November or December, prior to and after storage. Seedlings lifted on all 3 lifting dates
had significantly higher LSD, p<0.05) root injury prior to storage than after cold storage.
No significant interactions occurred between root injury prior to and after cold storage and
lifting date (p>0.3).

In 1996, RGC was correlated with root injury after storage (r’=-0.81; p>0.3), but the
correlation was poor prior to storage (r'=-0.06; p>0.8). The highest number of white roots
was observed in seedlings lifted on Nov. 14, 1996, prior to and after storage, respectively (Fig.
5.4b). The lowest number of white roots was in seedlings lifted on Sep. 23, 1996, prior to and
after storage, respectively. Cold storage did not alter the effect of drought stress on RGC. No
significant interactions occurred between RGC prior to and after cold storage and lifting date
(p>0.7). In general, root growth was confined to the bottom and middle region of the root
system (Fig. 5.5a,b). Only seedlings lifted on Nov. 14, 1996 had white roots in the top of the
root system.

Seedlings lifted on Sep. 23, 1996 were least able to survive drought (Table 5.6). Again,
seedlings lifted on Nov. 14, 1996, had the highest survival prior to and after storage. In
general, storage improved seedling survival of drought stress.

There was a significant inverse correlation between root injury and both total soluble
carbohydrate (r=-0.84; p<0.05) and total non-structural carbohydrates (r=-0.81; p<0.05) in
the 1996 post-storage seedlings (Table 5.7).

5.3.4 Statistical Analysis of 1995 and 1996 Results

Results from the preliminary study suggested that correlations existed between needle
MC and needle injury, and RGC and root injury. Needle MC and needle injury were not
significantly correlated in the 1995 data set (r*=-0.01; p>0.8); increasing the sample size to
n=9 by combining the post-storage data from 1995 and 1996 resulted in a significant

correlation (r’=-0.51; p<0.05).
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Figure 5.5: Response of lodgepole pine seedling roots to drought
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Percent of white roots in different regions of the root system
under RGC conditions following drought stress after cold
storage in 1996. Data were not analyzed by ANOVA.
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Table 5.6: Survival rate of seedlings (prior to and after storage) after a 10 day drought

stress and regrowth for seven days under optimal conditions.

Lifting Dates Survival rate (%)

September 23, 1996

prior to storage 50

after storage 62.5
November 14, 1996

prior to storage 100

after storage 100
December 06, 1996

prior to storage 87

after storage 100

n=8 seedlings

Table. 5.7: Correlation coefficients for RGC and root injury with root reducing
carbohydrate, total soluble carbohydrate, starch and total non-structural carbohydrate

following cold storage and drought stress in 1996.

Stress parameter Reducing Total soluble Starch Total non-
carbohydrate carbohydrate structural
carbohydrate
RGC 0.33 (0.2) 0.47 (0.3) 0.16 (0.7) 0.48 (0.3)
Root injury - 0.14 (0.8) - 0.84 (0.03) -0.52(0.3) - 0.81 (0.03)

p values are indicated in brackets

Similarly, the preliminary study showed that RGC and root injury after drought stress
were significantly correlated. Following cold storage, RGC and root injury after drought stress
were significantly correlated in 1995 (r=-0.68; p<0.05). This correlation was strengthened

by combining two years post-storage data (r’=-0.68; p<0.01). In order for a parameter to
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have general applicability for screening purposes, the regression equations for each year must
be similar (McKay, 1992). As the slopes of the regression lines were similar (Table 5.8),

this indicates that RGC following drought stress may be useful as a general measure of
drought stress tolerance following cold storage.

RGC and root injury were significantly inversly correlated with total soluble and total
non-structural carbohydrates in 1995 (r=0.86, p<0.03; r=-0.86, p<0.03). In 1996, there was
a significant inverse correlation between root injury and total soluble and total non-structural
carbohydrates (r=-0.84, p<0.05; r=-0.81, p<0.05). RGC was not significantly correlated with

either total soluble or total non-structural carbohydrates in 1996.

Table 5.8: Linear regression equations of RGC and root injury after drought stress in

1995 and 1996 following drought stress after cold storage.

Year Linear regression equation
1995 RGC = 78.8 - 1.08 injury, (= 0.67)
1996 RGC = 64.4 - 0.96 injury, (= 0.81)

The linear regression equations of root injury with total soluble and total non-structural
carbohydrates in 1995 and 1996 after storage are presented in Table 5.9. Comparison
between the regression equations failed to show any similarity between data for 1995 and
1996, indicating, therefore, that total soluble and total non-structural carbohydrates can only

be used as relative predictors of root injury.

5.4 Discussion

The results from the present study indicate that cold storage induces drought stress
tolerance in lodgepole pine seedlings. All parameters measured, including needle injury, root
injury, RGC and seedling survival improved on most lifting dates following storage. These

results agree with those of Blake (1983) who attributed increased avoidance to the effect to
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reduced stomatal opening. The findings of the present study support this, as needle MC was

higher following cold storage, both before and after drought stress.

Table 5.9: Linear regression equations of root injury with total soluble and total non-

structural carbohydrates in 1995 and 1996 following drought stress after cold storage.

Parameter Year Linear regression equation
Total soluble carbohydrate Total non structural-carbohydrate

Root injury 1995  Injury = 83.7 - 3.39 TSCH Injury = 81.2 - 2.29 TNSCH

(= 0.7 (= 0.62)
Root injury 1996  Injury = 1.65 - 4.3 TSCH Injury = 1.11 - 441 TNSCH
(= 0.65) (f*= 0.65)

* TSCH - total soluble carbohydrate; ** TNSCH - total non structural carbohydrate

Reduced water usage does not entirely explain the increase in drought tolerance. In the
present study, the correlation between needle MC and needle injury was inconsistent. Jiang et
al. (1995) noted that increased stress tolerance after cold storage was not a result of reduced
stomatal conductance. These results indicate that factors other than water usage contribute to
cold storage-induced increases in drought tolerance. Perhaps solute accumulation or
allocation is involved.

While Smit-Spinks et al. (1985) found that aerial tissue was capable of hardening to a far
greater degree than were roots, in the present study, measurements of electrolyte leakage
indicated that the cold storage increased drought tolerance to a greater extent in roots than in
needles. This difference aside, the roots are certainly more sensitive to a given level of
drought stress, both before and after cold storage. These results indicate that root injury due
to drought stress is still be a major concern in the production of seedlings for reforestation.

The relationship between root carbohydrates and drought stress in conifers has received

considerable attention. Jiang et al. (1994) reported that high drought tolerance (measured as
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water potential) was associated with high starch content. They found that starch content
yielded more soluble sugars during drought and this altered the osmotic potential in favour
of reduced plasmolysis under stress conditions (Jiang et al., 1995). On the other hand,
Zwaizek and Blake (1990) showed that turgor maintenance was largely explained by the
accumulation of soluble sugars. Munns and Wier (1981) and Thomas (1990) also suggested
that soluble sugars contributed to enhanced drought tolerance, measured as root growth after
drought stress. The results from the present study indicate that total soluble carbohydrate and
total non-structural carbohydrate are inversely correlated to root injury, and starch content is
not correlated in any way. On the basis of these findings, there appears to be a strong inverse
relationship between both total soluble carbohydrate content and total non-structural
carbohydrate content and root drought tolerance.

One objective of this study was to determine if drought stress tolerance indices could be
developed on the basis of easily measured parameters, such as MC and RGC after drought
stress. In order to be useful, the correlations between these and drought stress tolerance,
measured as needle or root injury, must be consistent from year to year. Although MC was
significantly correlated with needle injury in the preliminary study, where drought stress
increased over time, the results over the two years were not consistent. In addition to
indicating that MC is not a good measure of seedling drought tolerance, this demonstrates
that care must be taken when extrapolating results from time course experiments.

Results for post-storage RGC after stress as an indicator of drought stress are better. The
correlation between RGC and root injury after drought stress was highly significant in the
preliminary study, significant in 1995, good in 1996, with a high r* value (0.81) and highly
significant for the combined 1995 and 1996 data (r*=0.68, p<0.01). For a parameter to be a
universal measure rather than a relative measure, the regression equations must be similar
from year to year (McKay, 1992). As the equations were similar, RGC of post-storage
seedlings after drought stress may be useful as a general measure of drought stress tolerance
in any given year. It should be noted, however, that injury assessments using electrolyte

leakage are faster and require less equipment and space.
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An alternative approach is to predict drought tolerance. The present study examined root
carbohydrate content in this regard. In both years, drought stress tolerance as indicated by
electrolyte leakage after cold storage was significantly correlated with total soluble
carbohydrate and total non-structural carbohydrate. On this basis, it would be appear that
total soluble carbohydrate or total non-structural carbohydrate content are good predictors of
drought stress tolerance. However, they would only be useful as relative measures (see Table
5.9).

The ultimate objective of any study of drought stress tolerance in conifer seedlings is to
relate the findings to field survival and seedling growth after outplanting. Jiang et al. (1994)
found that low drought tolerance, measured as low water potential, resulted in reduced root
growth initially, but no decrease in survival or growth over the season. Their work was on
white spruce, and the outplanting sites were in northern Alberta, whereas our study involved
lodgepole pine outplanted into the dry environment of the Okanagan Vally in British
Columbia. Therefore, drought stress tolerance may not have been a factor in determining
survival following outplanting. The results from the present study indicate that drought stress
tolerance does lead to better survival and growth after outplanting. The present study also
shows that needle injury and RGC after drought stress in post-storage seedlings are the best
indicators of subsequent survival and growth. Of these, needle injury was the better measure,
having a highly significant correlation with height increment and significant correlations with
both survival and collar diameter. The general applicability of these measurements as
predictors of outplanting success and growth will be determined in the coming year.

In summary, cold storage increased drought stress tolerance in lodgepole pine seedlings.
The increase in tolerance in the roots was associated with increases in root total soluble
carbohydrate and total non-structural carbohydrate. In fact, the results strongly suggest that
total soluble carbohydrate and total non-structural carbohydrate following cold storage are
excellent predictors of drought tolerance. In terms of outplanting success and subsequent
growth, needle injury and RGC after stress were suitable indicators, with needle injury being
superior. As these assessments were completed at least one month prior to outplanting, there is

plenty of time to make the necessary decisions regarding outplanting.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Over the years, seedling nurseries and forest companies have become increasingly aware
that the industry needs to focus on seedling growth and productivity in the field, in addition
to the much-studied topic of outplanting success. This thesis is part of a larger study that
examines the relationships between morphological, biochemical and physiological parameters
in lodgepole pine seedlings in relation to outplanting success and subsequent field
performance. The focus is on seedling roots.

In this thesis, the following were assessed in seedlings both prior to, and after cold
storage: root morphology, root growth capacity (RGC), viability (TTC reduction), reducing,
total soluble and total non-structural carbohydrates, starch, and drought tolerance. In
addition, the effect of slow and fast cooling as seedlings enter into cold storage was examined.

Seedling survival and subsequent field performance was best predicted by root viability
as measured by TTC reduction prior to cold storage. There was a good correlation between
TTC reduction and survival, collar diameter and growth increment. In addition, the results
demonstrated that the method had general applicability, as the regression equations were very
similar between data sets. RGC was also a good predictor; however, the test takes far longer,
requires more space and must be done after cold storage. The results also showed that
measurements of total soluble carbohydrate and total non-structural carbohydrate after cold
storage have potential as predictors of survival and growth.

Drought stress tolerance is needed if seedlings are to survive lifting, transport and
outplanting. The results showed that drought stress tolerance, measuring determined as RGC
or needle injury after a 10-day drought, correlated with outplanting survival and field
performance. Despite the fact that the roots are more sensitive to drought stress and are
essential for water uptake during drought, the correlation between root injury, measured as

electrolyte leakage, and seedling performance was not good.
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The relationship between drought stress tolerance, measured as electrolyte leakage, and
carbohydrates was also examined. A strong inverse correlation was found between both total
soluble and total non-structural carbohydrates and root injury. As the regression equations
were similar over the two year study, it can be concluded that measurements of these
carbohydrate pools provides a very good indication of drought stress tolerance in lodgepole
pine seedling roots.

Finally, the effect of cooling rate as seedlings enter into cold storage was examined in a
preliminary study. This portion of the study is ongoing, but to date, it appears that increasing
the rate of cooling does not improve seedling health as measured by carbohydrate content
and RGC.

Based on this research, TTC reduction prior to cold storage appears to be a good
indicator of seedling preparedness for cold storage. Total soluble carbohydrate and total non-
structural carbohydrate in the root also look promising. Therefore, research on these potential
indicators should continue, in order to determine their possible application in industrial
purposes.

There is still a lack of knowledge on seedling acclimation following outplanting. This is
mainly due to the difficulty of studying plants in their natural environment. There is a need
for appropriate indicators of stress tolerance. Do root total soluble carbohydrate and total
non-structural carbohydrate have this potential?

There are indications that fluctuation in total soluble carbohydrate in roots during cold
storage reflect the physiological status of the seedling. Research should be initiated on total
soluble carbohydrate content in association with chilling history, dormancy, frost hardiness

and osmotic adjustment following cold storage.
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Appendix I: Daily Max/Min temperatures and sunshine
for May/June 1996
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10 Day Planting Weather Summary

Planting date
Parameters 22May 5 June 20 June Notes
Bright sunlight hours 55 104 72 Equivalent to number of hours
greater than 600pmol/m*/sec
Days with precipitation 5 2 5
10-day precipitation (mm) 43 0.2 15 Total percipitation in 10 days
following planting
VPD (vapour point depression)
Low days I 0 0 Day time maximum VPD<0.2 Kpa
High days 4 0 2 Day time maximum VPDO.5-1 Kpa
Extreme days 5 10 8 Day time maximum VPD>1.0 Kpa
Days with frost 1 0 0 0--2.0
Growing temperatures
Quiescent days 3 0 0 Daily maximum temperature 6-12°
Low days 4 2 4 Daily maximum temperature 12-18°
Moderate days 3 7 6 Daily maximum temperature 18-23°
Optimum days 0 1 0 Daily maximum temperature 23-27°

Appendix HI: 10 day planting weather summary



One-way ANOVA table

111

Source DF Mean Square F Value Pr>F
Model 5 867.94 36.01 0.0001
Error 54

Source DF Mean Square F Value Pr>F
Date 5 867.94 36.1 0.0001
Two-way ANOVA table

Source DF Mean Square F Value Pr>F
Model 11 1968.12 26.78 0.0001
Error 108 73.50

Source DF Mean Square F Value Pr>F
Treatment 1 6008.23 81.74 0.0001
Lifting date 5 2527.89 344 0.0001
Treatment* 5 600.33 8.17 0.0001
Lifting date

Appendix I'V: One-way ANOVA table for percentage of white roots presented in Figure

3.1b and two-way ANOVA for viability before regrowth presented in Figure 3.3 a.



Chilling (hrs)

1,200

Nov 29
Dormancy satisfied
1.000 +
800 Tt Nov 5
Optimal chillin
for storage
600 + Oct 24
Min chilling
for storage
400 +
Sep 28
200 T Onset of chilling
0
N'«\‘Ec‘fiﬁc‘:g‘gv:fn—wfﬁﬂc:
2225+ 5533535 23232323838
< << << wnwywnnwnn OO0 00 ZZ =z zZ zZzaooo

Appendix V: Static model for
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Appendix VII: Static model for
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