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Abstract

Characteristics of planting stock which reflect quality
(defined here as performance potential) are categorized
aseither " performance" attributes or " material" attributes.
Performance attributes, such asroot-growth potential,

cold hardiness, and stress resistance, are assessed by
subjecting whole seedlings to certain environmental re-
gimes and evaluating their response. Because performance
attributes are integrators of all or many seedling sub-
systems, they often correlate well with seedling perfor-
mance potential; however, they tend to require laborious
and time-consuming procedures. Material attributes, such
as dormang status, water relations, nutrition, and
morphology, are assessed by measuring the attribute in
question by any number of direct or indirect methods.
Although material attributes are often more easily and
rapidly measured than performance attributes, the for-
mer generally yield little definitive information on seed-
ling quality unless values fall well outside of some estab-
lished range. Of the Northwest nurseries responding to
the OSU Nursery Survey, many reported using various
methods to assess seedling conditions. However, most
methods wer e used to indicate the desirability of carrying
out certain cultural operations, such asirrigation or lifting,
rather than to measure seedling quality itself.

23.1 Introduction

The final test of a forest-tree seedling is its performance
after outplanting. Every observer of plantation establishment
is aware that survival and adequate early growth of planted
seedlings cannot be taken for granted. Some seedlings survive
and prosper even on difficult sites, whereas others die soon
after planting or remain in check for several years. These
differences in performance reflect differences in factors which
collectively make up what is known as "seedling quality.” As
defined at the New Zealand IUFRO workshop, "Techniques for
Evaluating Planting Stock Quality" (August 1979), the quality
of planting stock is the degree to which it realizes the objec-
tives of management—"Quality is fitness for purpose." If the
purpose of planting stock is to become established and grow
successfully in a plantation, then fitnessis afunction of survival
and growth potential. Seedling quality, then, is defined in these
termsin this chapter.

Seedling quality is prerequisite to intensive forest practice
because upon it depends the initial architecture of the forest.
Hence, it has been the subject of much research and severa
recent reviews. Bunting [7] discussed morphological and physio-
logical aspects of seedling quality. Jaramillo [53] evaluated
several electrical and chemical indcators of planting-stock
condition. Chavasse [15] reviewed cultural techniques for main-
taining seedling quality with emphasis on New Zealand produc-
tion systems and species. Schmidt-Vogt [97] reviewed much of
the European work, and Cleary et al. [18] gave a brief overview
pertinent to Northwest nurseries. A special issue of the New
Zealand Journal of Forestry Science(vol. 10, no. 1) is dedicated
entirely to the subject of planting-stock quality. Finally, Sutton
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[114] presented an especially thoughtful, yet concise, synthe-
sis of the subject. All of the above make excellent reading.

Seedling quality reflects the integration of a multitude of
physiological and morphological characteristics of the seedling—
much as human health reflects a vast array of human physiologi-
cal and morphological properties—and an instructive analogy
can be drawn here. When examined by a physician, the patient
is subjected to a battery of measurements—some simple and
others highly sophisticated. It is from the collective results of
these tests, not just one test alone, that the physician is able to
characterize the patient's general health. As there is no one
index of human health, there is no one yardstick of seedling
quality. Furthermore, the likelihood of finding oneis low. Like
the physician, we have at our disposal an array of procedures
which can be applied to develop information on certain as-
pects of seedling quality. From these tests and the informed
interpretation of their results, it is possible to predict, with
some reliability, the survival and growth potential of any seed
ling on any site.

For this review, attributes of seedling quality are grouped
into two categories. Performance attributes are measured
by subjecting whole seedlings to some test condition and
measuring their performance; examples are root-growth poten-
tial and stress resistance. These attributes integrate the com-
bined functioning of many physiological and morphological
subsystems within the seedling. Material attributes include
certain of these subsystems; examples are root starch con-
centration, leaf osmotic potential, and shoot:root ratio. These
attributes, taken in mass, ultimately determine seedling perfor-
mance but, considered individually, have relatively low predic-
tive value unless they fall far outside some normal range. The
relationship among material and performance attributes, and
their influence on seedling quality, areillustrated in Figure 1.

In this chapter, | review in detail techniques proposed for
assessing seedling quality towards defining the stateof-the-art
of this technology, contrast current practices in Northwest
nurseries with the state-of-the-art, and present practical infor-
mation for forest -nursery and regeneration personnel.

Unfortunately, providing balanced coverage of the various
seedling attributes discussed is not always possible. For
example, a detailed section on frost-hardiness testing is fol-
lowed by a brief page on stress testing. This apparent lack of
balance does not necessarily indicate the relativeimportance
of the former and unimportance of the latter, but rather re-
flects the simple fact that the scientific literature on frost
hardiness is vast whereas that on stress testing is limited.

Finally, much of the quantitative information presented
here was developed in research on Douglas-fir [Pseudotsuga
menziesii (Mirb.) Franco]. This, again, reflects the nature of the
available literature. A solid data base for this very important
species is highly desirable. Such a data base is also needed,

however, for many other important species, particularly the
interior pines (Pinus spp.), which have not been the subject of
such intensive investigation. However, the biological similarities
among conifers native to the Northwest are generally strong
enough to render this review relevant to most, if not all,

commercially important species.

23.2 Performance Attributes

23.2.1 Root-growth potential

A key to seedling survival and establishment is rapid re-
sumption of water and mineral uptake after outplanting. Re-
sumption depends on the rate at which seedlings renew intimate
soil-root contact by initiating and elongating roots into the soil
matrix. Stone [108] first reported that tree seedlings vary
widely in their ability to regenerate new roots after planting
into an optimum environment—which depends upon their
physiological status. This ability, called root-growth potential
(RGP) [85], is a key seedling-quality attribute for the above
reason; it is also a good genera indicator that all systemsin
the seedling are functioning properly. High RGP is often corre-
lated with high field survival [e.g., 85; also 71].

A seedling develops RGP whileit is growing in the nursery. If
seedlings are not to be stored, RGP should be measured
immediately after lifting. However, because RGP can change
dramatically during storage [47, 69, 84, 140], it should be
measured after storage as well as before. Expression of RGP is
mediated by conditions on the planting site, especialy soil
moisture and temperature. This sequence, recently reviewed
by Ritchie and Dunlap [85], is summarized in Figure 2.

23.2.1.1 Standard measur ement method

The standard method of measuring RGP is similar to that
first described by Stone et a. [112, 113]. After all white root
tips are removed, seedlings are potted in alight soil or potting
mix (peat:vermiculite forestry mix is recommended) and held
for a specific period, usually 28 days, under conditions favor-
able for root growth. Though these conditions vary somewhat
for different species, 20°C ar and soil temperature and
16-hour photoperiods are often used. Seedlings are then care-
fully washed out of the pots and new roots measured, counted,
or both. Three pots of five seedlings each per treatment are
normally sufficient to give valid statistical comparisons.

Test conditions can be tailored to species (e.g., boreal
conifers may have lower optimum soil temperatures), but it is
particularly important that conditions be consistent amongtests.
Most critical are soil temperature and moisture, air temperature,
humidity, and photoperiod [85, 115], each of which can affect
test results.

MATERIAL
ATTRIBUTES

PERFORMANCE
ATTRIBUTES

SEEDLING
QUALITY

® Bud dormancy
® Water relations

® Nutrition

® Morphology

® Root-growth potential

_ ® Frost hardiness

® Stress resistance

e Survival

M . Grouth

Figurel. Seedling quality can be assessed in terms of measurable performance attributeswhich, in turn, reflect the sum of innumera
blematerial attributes. Performance attributes are normally better predictorsof seedling survival and growth than material attributes.
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23.2.1.2 Short cuts

The standard method just discussed (23.2.1.1) has three
major disadvantages: (1) it requires substantial quantities d
potting soil and considerable greenhouse space, (2) root meas-
uring and counting are laborious and time consuming, and (3)
results are not available for 1 month. Several approaches that
circumvent these problems follow:

Hydroponic growing.—RGP tests need not necessarily be
carried out in pots of soil mix. We have had good results with
aerated water baths made from 38-liter (10-gal.) fish aguariums,
painted black, and covered with plywood lids into which
5.5-cm (2.2-in.) holes had been drilled. Seedlings were sus-
pended into the tanks through #12 rubber stoppers drilled and
dlit radially and placed in the holes. Baths were filled with tap
water, which was continuously aerated with a small aquarium
pump and bubble stone. No nutrients were added, but a
copper penny was placed in each tank to impede algae and
mold growth. When held in a greenhouse next to seedlings in
standard root-growth trials, seedlings in the baths produced
nearly the same length and number of new roots asthosein
thepottrialsin 11 separate tests.

Some advantages of hydroponic growing are: (1) less space
isrequired, (2) there is no need for pots or potting mix, (3) root
temperature and moisture conditions are readily controlled
and remain nearly constant, (4) roots are neither broken nor
lost during extraction, (5) roots are clean and very easily
measured, and (6) root growth can be observed during the
test.

Shortening testing time—Severa workers have experi-
mented with reducing testing time of the standard method
from 1 month to only 1 or 2 weeks. According to Burdett [pers.
commun., 9], > and 2week results are well correlated with
4-week results in some species, hence greatly reducing the
time needed for testing. Burdett's test conditions, which accel-
erate root growth, are:

Day temperature 30+ 0.5°C

Night temperature 25+0.5°C

Daily photoperiod 16 hours

Light intensity 11,000 + 1,000 lux
Relative humidity 75 + 5%

It has been our experience with coastal Douglas-fir (var.
menziesii) that new roots do not appear until near the end of the
second week at 20°C air and soil temperature. It may be
possible to accelerate this process with forcing conditions
such as Burdett describes. Stone [unpubl. data, 110] has tried
accel erated conditions with white fir [Abies concolor (Gord. &
Glend.) Lindl. ex Hildebr.] with only limited success.

Streamlining measurement procedures.—Typicaly, num-
ber and total length of new roots per seedling are measured to
estimate RGP. Number gives an estimate of initiation rate, and
length an estimate of elongation rate. Both are normally needed
for detailed physiological studies but may not be necessary for
gross estimates of RGP.

Some short cuts are available: (1) counting the number of
roots which exceed some critical length (e.g., 1 cm); (2) measur-
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Figure 2. Development and expression of root-growth potential (RGP). Development is affected by endogenous (internal) seedling
properties which reflect exogenous (external) forces, these forces act upon the seedling during nursery growth and storage. After
planting, expression islimited by factorsat the planting site. The most appropriate point at which to measure RGP isimmediately before
planting (adapted from[85]; reproduced with permission from the New Zealand journal of Forestry Science).
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ing the length of only the three longest roots; (3) clipping,
drying, and weighing the new roots; (4) developing a scoring
index based upon numbers of roots exceeding a certain length;
(5) developing a set of "reference” photographs of root sys
tems of known lengths for visual comparisons: and (6) measur -
ing root volume before and after the 30-day test [8]. Burdett
[pers. commun., 9] recommends a scoring system based on
the following scale:

Class Description

No new root growth

Some new roots, but none over 2 cm long
1to 3 new roots over 1 cm long

4 to 10 new roots over 1 cm long

11 to 30 new roots over 1 cm long

More than 3 5 new roots over 1 cm long

ar~rwWNRELO

Each of these methods is useful, but information content
usually falls 'with measurement cost. It is important to design
the measurement strategy with objectives and resource con-
straints clearly in view.

23.2.2 Frost hardiness

Frost hardiness may be defined as the minimum tempera-
ture at which a certain percentage of a random seedling popu-
lation will survive or will sustain a given level of damage [102,
121, 128]. The term LT 50 (lethal temperature for 50% of a
population) is commonly used to define the hardiness level.

During the growing season, tree seedlings are normally
killed by temperatures near freezing. During fall, hardiness
increases rapidly in response to changing photoperiod, low
temperatures, and other factors [136] and reaches a seasonal
minimum in midwinter. For coastal Douglas-fir, this minimum is
around -25°C; in many timberline species, it is near -40°C [3];
and in boreal species such as spruces (Picea spp.) and firs (Abies
spp.), it may be -70°C or lower [93]. With areturn to springlike
conditions, hardinessis rapidly lost.

If tree seedlings are subjected to temperatures below their
hardiness limit after planting, mortality will be substantial.
Hence, frost hardiness can be a mgjor factor affecting survival
and establishment [134] and must be regarded as a key seedling-
performance atribute.

The mechanisms of frost hardiness are very complex and
involve many interacting factors, including (1) the ability of
plant tissues to (&) avoid or tolerate freeze desiccation, (b)
prevent lethal intracellular ice-crystal formation, and (c) with-
stand nonlethal extracellular ice-crystal formation, and (2) the
propensity of cell water to reach subfreezing temperatures
without freezing, i.e., supercooling [67, 136]. Elaboration of
these mechanisms is beyond the scope of this chapter, but for
the interested reader, Mazur [68] and Levitt [65] offer thor-
ough analyses, Weiser [136] gives a concise review pertinent
to woody plants, and Glerum [34] and Brown [6] review as-
pects of frost hardinessin forest trees.

Assessing frost hardiness has two steps: (1) subjecting plant
material to subfreezing temperatures and (2) evaluating the
effect of this treatment. Frost-hardiness determination can then
usefully be applied in the nursery (1) as a guide to providing
frost protection during autumn and spring and (2) as an indica-
tor of stock hardiness at planting time. Because the effects of
cold storage on hardiness are poorly understood, hardiness
rating of seedlings when lifted may not be valid after storage.

23.2.2.1 Freezing treatments

The classical procedure for freezetesting isto (1) randomly
select a sample of seedlings from the population of interest, (2)
place them into a freeze chamber of some type, (3) lower the
temperature at a given rate until the test temperature is reached,
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(4) hold the test temperature for a given time period, (5) then
return at a given rate to the starting temperature. This is
repeated across a range of temperatures believed to bracket the
hardiness of the seedlings.

Several aspects of this procedure warrant attention. First,
sample size should be carefully determined because seedlings
(and transplants) vary genetically with respect to hardiness
development and phenology. Generally, between 20 and 40
plants are used depending upon species and experience of the
evaluator. Second, the rate of temperature decrease should be
monitored. Timmis [unpubl. data, 119] recommends that a
5°C/hour temperature decrease not be exceeded because higher
rates may compound injury induced by the minimum
temperature. Note, however, that the rate of temperature
increase can exceed that of temperature decrease, e.g.,
20°C/hour vs. 5°. Third, duration of the minimum temperature
also is important because longer exposures normally increase
damage. Two hours at minimum temperature is common. Most
crucia is that, for results to be comparable, all tests must be
carried out in precisely the same manner [65]. Repeated freez-
ing can result in increased damage, especially when the mini-
mum temperature is low enough to cause injury [36]. It isalso
important, when wing whole seedlings, to insulate the roots
because they are likely to be far less hardy than the shoots [39,
80].

Numerous types of freezing chambers are available, rang
ing from simple units which can be taken to the field and
placed over seedlings [e.g., 35] to sophisticated laboratory
chambers with precise programmable temperature controllers
[e.g., 101]. Such chambers include radiation [2] and advective
[89] frost chambers and freezing bars [92] which provide tem-
perature gradients. Advantages and disadvantages of the vari-
ous types of units are discussed in a comprehensive review by
Warrington and Rook [134].

23.2.2.2 Evaluating frost damage

The only procedure for unequivocaly evaluating damage
after freezing tests is to hold the seedlings in a greenhouse or
growth chamber for several weeks and then visually to inspect
them, including roots, for damage. It is also critical to under-
stand which tissues are likely to be least hardy, which varies
seasonally. Menzies and Holden [73] recommend the follow-
ing index to evaluate freeze damage in Monterey (Pinusradiata
D. Don) and bishop (Pinusmuricata D. Don) pines and Douglas-
fir seedlings:

Index value Damage
0 None
1 Buds undamaged, needles reddening
2 Buds may be damaged, 10 to 30% of needles
killed
3 40 to 60% of needleskilled
4 70 to 90% of needleskilled
5 All needles killed, stem dead

The obvious and formidable disadvantage to this approach
is the often excessive time required for damage to become
apparent, during which seedlings must be cared for and
observed.

Several methods have been proposed for avoiding this
waiting period by indirectly assessing frost damage immedi-
ately after the freezing test. Most are based upon measuring
the degree of inactivation of enzymatic or metabolic functions
or measuring changes in membrane properties. Timmis [117]
has critically evaluated the applicability of five such techniques
to tree seedlings: (1) direct measurement of photosynthesis, (2)
leaf-segment flotation on phosphate buffer solution as an
estimate of photosynthetic rate [122], (3) dehydrogenase en-



zyme activity assessed with the tetrazolium chloride test [106],
(4) changes in membrane ion permeability detected by electri-
cal impedance [5, 33, 125, 126], and (5) plant water potential
measured with a pressure chamber [4]. Timmis found that each
method was useful to some degree in detecting freezing damage.
However, accuracy of the determination depended upon the
stage of hardiness of the tissue when freeze tested. On balance,
the electrical impedance method gave the most reliable results
across al levels of hardiness, confirming findings of van den
Driessche [126]. Differences in electrical impedance ratio in
the upper stem predicted survival after freezing with 87%
accuracy and enabled LTsp values to be predicted within 2°C

at all phases of hardening and dehardening.

Impedance ratio measurement.—The following methodis
recommended for coastal Douglasfir nurseries [unpubl. data.
120]. The meter used, designed by W. D. Perry, Weyerhaeuser
Co., is enclosed in a small hand-held plastic box.1 Impedance
ratios (IR) obtained on freeze-treated seedlings are interpreted
differently according to the stage of hardening or dehardening
when seedlings are frozen. During early stages of hardening
(until late November), LT 50 values can be estimated within 1°C
if an IR of 3 is used to discriminate between live and dead
seedlings. That is, seedlings with ratios lower than 3 will be
dead and those with higher than 3 will survive. After Novem-
ber the discriminating ratio increases gradually to about 5 in
late January. IR values are less reliable in midwinter because
low temperatures tend to kill buds before stems and because
bud injury is not detected by stem impedance ratios. Therefore,
to estimate freeze damage during this period, seedlings should
be held in a warm greenhouse for 3 days and the buds then cut
open and examined for obvious browning in relation to (1)
uninjured buds and (2) buds definitely killed by deep freezing
(lower than - 30°C). The extent of bud mortality in the test
seedlings is then judged and classified.

In April, or in prematurely dehardened seedlings, the meter
again gives good estimates of LT 50 values if a discriminating
ratio of 2.5 is used.

Diffusate conductivity method.—This widely used
method—possibly more accurate, but also more laborious,
than measuring IR—is based upon the principle that freeze-
injured cells contain damaged membranes which allow cell
fluid to escape into the xylem. Cell fluid contains dissolved
materials and therefore has higher electrical conductivity than
xylem water, which is relatively pure. Comparing theconductivity
of xylem diffusate from among uninjured, injured, and dead
seedlings provides an estimate of the amount of injury, if any,
that occurred. The method, pioneered by Dexter et al. [21, 22],
has been used successfully on a number of woody plant spe-
cies[eg., 107, 12 5, 128, 139].

In the following procedure (after [36]), stem segments 2.5
cm long are collected from freeze-treated seedlings immedi-
ately below the apical bud. These are placed into capped glass
vials containing 15 ml of distilled water and held in a water
bath at 25°C for 24 hours. They are then shaken, and the
conductivity of the water (and xylem diffusate) is measured
with a suitable device. The stem segments are then killed
(frozen at - 15°C for 24 hours), replaced into the 25°C water
bath for 24 hours, and remeasured. Relative conductivity, R, is
calculated as

Re = Li/Lk (1)
where Lt is the specific conductivity of the diffusate from the
ample subjected to temperature (t), and L is the specific

1 Circuit design and operating procedure are available from the author
on request.

2 For more information, contact Douglas McCreary, Department of
Forest Science, Oregon State University, Corvallis, Oregon 97331.

conductivity of the diffusate from the sample frozen at temper -
ature and then killed. The Ry of frozen seedlings can be
confounded, however, by changes in the R, of unfrozen
seedlings. To eliminate this source of error [31], an injury
index, h, must be calculated:

It =100 (Rt - Ro)/ (1 - Ro) (2
where Ry isthe relative conductivity of the control (unfrosted)
seedling given by Lo/Lg, Lo isthe conductance of diffusatefrom
controls, and Ly is the conductance of diffusate from controls
killed as indicated above.

Green and Warrington [36] reported excellent results with
this method on Monterey pine. Ry values determined 3 days
after freezing treatments accurately predicted freezing dam-
age as assessed visually 1 month later. This correlation was
improved to r2 = 0.92 with the I value. Green and Warrington
determined that an Rt value of 0.5 or greater indicated seed-
ling death was imminent. van den Driessche [128] applied the
diffusate conductivity method to Douglas-fir seedlings with
some success but was not able to identify a critical index of
injury, as were Green and Warrington. Nevertheless, the method
predicted well (r2 = 0.77) the lethal temperature of whole
plants subjected to freezing temperatures.

23.2.3 Stressresistance

A simple technique for assessing a seedling's overall
"physiological soundness' has been pioneered at Oregon State
University [46]2 and is currently offered by the university as a
service. Sixty seedlings are randomly selected from a lot and
divided into two equal groups. The first group (controls) is
planted directly into 25- x 25-cm (10- x 10-in.) fiber pots, 10
per pot, placed in a greenhouse or growth room, and watered.
The second group is washed, blotted to remove excess water
from the roots, and then suspended in a growth cabinet for 15
minutes at 30% relative humidity and 32°C (90°F). Following
this stressing treatment, seedlings are removed and their roots
soaked in water for 5 minutes. They are then potted and
placed alongside the controls, where both groups are watered
regularly and maintained under fairly constant 20°C (68°F)
temperature and a 16-hour photoperiod.

Seedlings are evaluated after 2 weeks, 1 month, and 2
months. Mortality is noted when it occurs. After 2 months,
seedings are classified as follows:

Mortality among stressed stock, % Classification

0-10 Excellent
11-20 Good
21-30 Fair
31-100 Poor

If there is mortality in the control group or if abnormal budbreak
is noted, these classifications can be modified. The length of
time required for stress damage to become apparent varies.
Some seedlings will show no damage for 4 weeks, then begin
to turn brown and die: others will begin to show damage after
10 days. Generdly, lots in the poorest condition will show
damage symptoms earliest.

The goal of the testing procedure is ultimately to predict
field survival, hence the testis designed so that mortality of
the stressed trees should correspond roughly with expected
field mortality. Under normal conditions, "poor" lots should
not be planted at all, and "fair" lots should be planted only in
areas where severely stressful conditions will not be encoun-
tered.

Tests have been administered to over 1,000 seedling lots
representing virtually all important Northwest conifers during
the past 4 years. Unfortunately, it has not been possible to
quantitatively assess the accuracy of all test predictions.
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oped the term DARD (daily average rate of development),
calculated as:

DARD = 100/DBB 3

which gives an estimate of the developmental rate of the
seedling at any time during dormancy release.

This concept has been extended [85] into what is called
adormancy release index (DRI):

DRI = DBB,/DBB (4)

where DBBI is the number of days required for budbreak in a
fully chilled seedling.3 For coastal Douglasfir, DBB, is 10;
hence, for this species, DRI = 10/DBB. The value of DBB; must
be determined experimentally for each species but probably
does not vary among species by more than a few days. Dor-
mancy release can be compared among species with DRI

because it always varies from O (in a seedling just entering true
dormancy) to 1 (in a seedling fully released from dormancy).
DRI values for stored and unstored Douglas-fir seedlings have
been shown to be good indicators of physiological condition
in our own unpublished experiments.

23.3.1.3 Chilling sums

The disadvantage of DRI as a nursery manager'stool is the
excessive time required to get results. Seedlings lifted early in
winter may not break bud in the test environment for 100 days
or more. However, we have found with Douglas-fir that the
relationship between DRI and chilling sum (number of hours a
seedling spends at < 5°C) does not vary appreciably among
seedlots at a given nursery from year to year. Therefore, once
this relationship has been empirically established for a given
species and nursery, dormancy status during winter can be
accurately predicted from monitoring chilling sums.

The chilling sim is determined simply by monitoring air
temperature at about 1 m above the ground and summing the
hours during which the temperature is within some range
known to be effective at releasing dormancy in the species of
interest. Our experience has been that the range O through
5°C is useful for northern conifers. In California nurseries,
however, the range 0 through 10°C may be more appropriate.
Once hourly temperature data have been collected, chilling
sums may be tallied within any temperature range desired.
Data collection should begin around October 1 in coastal
nurseries and in early to mid-September in more northern or
interior regions.

This approach has been highly refined for predicting time of
budbreak in fruit crops, especially in regions where late frosts
are common. By taking into account the relative efficiencies of
different chilling temperatures and the effects of warm interrup-
tions (which can negate chilling) and other factors, chilling
equations are available which predict budbreak time with an
error of only +2 days for some crops [27, 83]. Whether this
level of accuracy is warranted in forest -seedling crops, however,
isyet to be established.

By calculating chilling sums, it may also be possible to
estimate the earliest date at which lifting for storage can begin.
In Figure 3, extrapolation of the DRI curve to the x-axis (point
A) indicates that the first several hundred hours of autumn
chilling do not actually contribute to physiological dormancy
release. Point A generally coincides with the last week in
November in western Washington, which is viewed by some
nursery personnel as the earliest date on which successful
lifting for storage can occur. However, this relationship needs
to be developed for other species and regions.

3 Determined experimentally with seedlings lifted from the nursery in
late winter, stored at -I°C for 6 months, then tested for budbreak at
20°C under a 16-hour photoperiod.

23.3.1.4 Oscilloscope technique

Zaerr [143] reported the interesting observation that square-
wave electrical signals are propagated differently through liv-
ing plant tissue than through dead tissue. The form of this
propagation can be determined with an oscilloscope. Following
up on this work, Ferguson et al. [29] tested a wide range of
species, including some conifers, at different times of year and
found that the types of oscilloscope waves observed seemed
to be related to periods of plant activity and inactivity. This
finding led to speculation that the oscilloscope technique
may be the long-awaited "dormancy meter," and a number of
investigators set out to verify Ferguson's results.

Disappointingly, this work has not been very successful [1,
50, 53, 79] due to lack of reproducibility, interspecific variability,
and artifacts produced by touching or moving sample branches.
These problems probably reflect the unknown complexity of
plant-tissue circuitry, and it is likely that a dormancy-related
change in a particular capacitive or resistive component will
have only avery small effect on the overall response. Further-
more, changes in properties unrelated to dormancy will also
influence tissue electrical properties [116]. Though this tech-
nique may hold promise with further development, its present
operational usefulness for assessing seedling dormancy status
islimited [50, 53].

23.3.1.5 Dry-weight fraction

The dry-weight fraction (DWF) of seedling shoots may be
a simple, rapid method of assessing dormancy. Dry-weight
fraction is calculated as

DWF = DW/TW (5)

where DW is the oven-dry weight of the seedling shoot, and
TW isits turgid weight.

Dry-weight fraction changes annually in a predictable man-
ner in many woody plant species. In Douglas-fir seedlings,
DWF increases gradually during fall and early winter, peaksin
January, then falls rapidly during spring [88]. If this pattern
reflects seedling physiological condition and is relatively inde-
pendent of weather, then it might be used as an indirect
measure of seedling dormancy status during winter. DWF is
now used routinely in some Swedish seedling nurseries to
determine when to begin lifting [pers. commun., 91].

23.3.1.6 Mitotic index

During autumn, mitotic activity in conifer buds declines
rapidly as dormancy deepens [77, 78]. This phenomenon has
been exploited by Carlson et al. [13] as a tool for determining
when Douglas-fir seedlings have become dormant. Using a
squash and stain technique, they microscopically ascertain the
percentage of cells in the terminal meristem which show mi-
totic figures. This "mitotic index" (M) declines steadily through-
out autumn, reaching zero apparently at about the time seedlings
enter dormancy. Hence, it might serve as an indicator of the
onset of dormancy. But because M| remains near zero until
mid-March, it would not be useful in assessing the progress of
dormancy release.

23.3.1.7 Hormone analysis

Dormancy induction and release are hormone-mediated
processes. In principle, then, it should be possible to assess the
status of dormancy by measuring concentrations, or ratios of
concentrations, of various dormancy -regulating hormones. Good
correlations have been observed, for example, between free
abscisic acid concentration and apparent dormancy intensity
throughout winter in buds of European beech (Fagus sylvatica L.)
trees [142]. Hatch and Walker [38] were able to assess the
dormancy intensity of peach and apricot buds on the basis of
the concentration of gibberellic acid required to make them
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are evidenced by abnormally high osmotic potentials or the
lack of alinear portion of the curve. However, the relationship
between degree of damage and impact on performance has
yet to be established.

A broader and perhaps ultimately more useful approach to
assessing seedling quality has two parts:

(1) Nurseries should systematically collect air temperature
data beginning in early autumn so that, over 3 or more
years, atypical chilling curve for that nursery could be
developed. From this information, plus a record of the
lifting date and time in storage for each stock order,
nursery managers could infer the degree of stock
dormancy. Such data should accompany each stock
order shipped, along with any other information that
might bear on the performance potential of that stock
(e.g., cold-storage temperature, dimatic abnormalities
during lifting, etc.).

2

~

In planning the performance tracking for each year's
plant, regeneration personnel should select for tracking
stock that spans a range of lift -store combinations. Perfor-
mance of this stock-whether successes or failures—
should be systematically reported back to the nursery
each year. In addition, woods personnel should note
site weather conditions and any abnormalities which
might have affected stock performance (e.g., inadver-
tent overheating of stock, poor performance of planting
crew, etc.). With nursery and woods personnel cooperat -
ing in such a manner, it should be possible over time to
build a data base to assist nursery managers not only in
fine-tuning their lift-store operations but also in accu
rately predicting, rather than directly assessing, stock
quality.

23.6.2 Resear ch

In my judgment, past research on assessing seedling quality
has overemphasized developing a "black box" which could
be used to give an immediate, categorical evaluation of a
given seedling based upon some measurable property. Had
this work been successful, this chapter could have been writ-
ten on one page. Considering the complexity of the seedling,
the planting site, and seedling-site interactions, it is doubtful
that such a black box will ever be developed.

A seemingly more intelligent approach would be to estab-
lish empirical relationships between seedling quality (assessed
as cold hardiness, RGP, and some measure of drought re-
sistance) and seedling history. It is already well known that
these properties change seasonally in predictable ways, all
three tending to be low in fall, high in winter, and low again in
spring. Hence, winter-lifted seedlings tend always to be of the
best physiological condition. Although it has not yet been
rigorously demonstrated, these properties are probably re-
lated to the bud-dormancy intensity of the seedling as it weak-
ens through winter in response to chilling. Exploring the
relationships between chilling history and the above proper-
ties seems a potentially valuable avenue for research.

One complicating factor is the effect of cold storage on
these performance attributes. It is known, for example, that
cold storage affects RGP. Depending upon the lifting date.
RGP can ncrease, decrease, or remain constant in storage.
Why does this happen? Are there predictable patterns? Could
RGP be predicted from chilling history? The same questions
apply to cold hardiness and drought resistance. With these
empirical relationships esteblished for given regions and species,
it would be possible operationally to make educated predic-
tions of seedling quality without ever examining the seedlings
themselves.
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Appendix 1: Simplified Procedurefor Constructing
Pressure-VolumeCurve

Prepare in advance about 40 sections of 3- or 5-mm inside-
diameter plastic tubing by cutting it into 5am-long sections and
filling each section with dry tissue paper.

In late afternoon or evening, select the seedling to be tested and
sever it a the root collar. The shoot should be small enough that
it can be placed into a pressure chamber. With alarge seedling,
use only the terminal portion.

Partially submerge the shoot in room-temperature water over-
night so that it becomes saturated (reaches full turgor).

Early the following morning, remove the shoot and surface-dry it
with a soft towel.

Remove the bark from the basa 1 cm of the shoot and enclose
the foliage in a plastic bag. The bag should be perforated and tied
to the stem near the base.

Place the bagged shoot into the pressure chamber and measure
the balance pressure (P*); balance pressure is the same as plant
moisture stress or shoot water potential. Record this valuein
space "A;" on the data sheet (Fig. A1-1). If the pressure is greater
than 0.1 MPa (1 bar), it indicates that the shoot is not at full
turgor: it must be discarded and another sample selected.

Weigh a piece of tissue-filled tubing to the nearest 0.001 g and
record this value in space "B," (Fig. A1-1). Place the tubing over
the end of the shoot which is protruding from the pressure
chamber so that the dry tissue is in contact with the xylem surface.

Increase the chamber pressure 0.5 MPa (5 bars) and hold it con-
stant for 10 minutes. Because the time period is important, it is
desirable to use a laboratory timer.

After 10 minutes, remove the tube and record its weight in space
"C1." The weight gain in grams is due to the weight of the sap
absorbed by the tissue and equals the incremental volume of sap
lost in cubic centimeters at that pressure.

Slightly reduce the chamber pressure to draw any sap away from
the cut surface; then dowly increase the pressure, determinea
new balance pressure, and record it in space "A."

(11

(12

Weigh another piece of plastic tube, record its weight in space
"Bop," and place it atop the cut stem as in step (7).

Repesat steps (7) through (11) about 2 5 times.

The data sheet will then contain a series of P* vaues, dong with
pairs of corresponding initial and final tube weights. Calculate the
reciprocal of each pressure (1/P*) and the tube-weight difference at
each pressure increment. Then calculate the cumulative tube-weight
differences beginning at the first pressure and at each successive
pressure to the end.

The pressure-volume (P-V) curve is constructed by plotting the
values of 1/P* againgt the corresponding cumulative weightdoss value
and should resemble the curve shown in Figure 6 of the text.

Note: The same procedure may be used on root systemsiif 0.3 MPa
pressure increments are substituted for 0.5 MPaincrementsin step (8).

Seedling number Date
Root or shoot Name
w Cumulative
p* 1/P* Initial Final Difference wt.loss, g
A1 B1 C1
A2 B2 C2
Azs B2s Cos

Figure A1-1. Sample pressure-volume data sheet.
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