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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.

244



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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However, during 3 years of testing in cooperation with the
Bureau of Land Management, field performance correlated
well wth lots displaying either very high or very low test
survival. Correlations were not as strong in intermediate lots
[pers. commun., 70].

There have apparently been no published attemptsto re-
late performance in the stress test with other performance
attributes. Possibly, peak periods of stress resistance may not
coincide with those of other properties such as RGP.

In the future, those using this test procedure may be asked
to furnish information on the history of each lot submitted for
testing (e.g., lifting date, storage time and temperatures, etc.).
In time, and with this information, developing valuable correla-
tions among these variables and stress resistance may be
possible.

Finally, the physiological mechanisms underlying stress re-
sistance are not well understood. They may be related to the
seedling's ability to grow roots, to control water loss, to in-
crease water uptake, to endure internal water deficits, or to
other mechanisms (see analysis of [118]). This may be a profit -
able areafor future research.

23.3 Material Attributes
23.3.1 Bud dor mancy

Perennial plants which have evolved in regions with strongly
seasonal climates can adapt to a wide range of environmental
temperature and moisture regimes with changing seasons.
Plants "anticipate" -these changes by keying in on reliable
environmental cues such as photoperiod and soil temperature.
As seasons change, plants cycle through various physiological
states, each adaptively tuned to ambient conditions; this is
referred to as the dormancy cycle and has been amajor area
of inquiry in plant-biology research ([e.g., 81, 90, 95, 131]: see
also chapter 14, this volume).

In conifer seedling crops, the dormancy cycle comprises
several "stages' [18]. Dormancy is induced from midsummer
to late summer (dates given by Cleary [18] are specific to
western Oregon) as overwintering buds are formed. These
may break and form lammas shoots if seedlings are fertilized,
given long photoperiods or heavy irrigation, or experience
heavy late summer or early autumn rain after a droughty
period. Dormancy deepens in late summer and early fall.
During this period, buds will not flush if exposed to favorable
conditions, but seedlings are not yet resistant to frost or lifting
damage and cannot be successfully cold stored [47, 64]. Dor-
mancy peaks (true dormancy) in early winter, when it is
characterized by (1) an almost total absence of growth any-
where on the seedling and (2) a requirement for several hun-
dred-hours of low temperatures (0 to 10°C) before buds can
break in response to higher temperatures [81]. This chilling
requirement [133] is an adaptive mechanism which ensures
against buds breaking during a midwinter warm spell and
being subsequently killed by areturn of cold weather.

The length of the chilling requirement has been determined
experimentally for coastal Douglas-fir by Wommack [141], Lav-
ender and Hermann [63], and van den Driessche [127]; for
interior Douglas-fir (var. glauca) by Wells [137] and van den
Driessche [127]; for western hemlock [Tsuga heterophylla (Raf.)
Sarg.] by Nelson and Lavender [74]; and for several spruces by
Nienstadt [ 75, 76]. The chilling requirement of these speciesis
generally fulfilled by exposure to temperatures at or below 5°C
for 2,000 hours and may also be fulfilled by cold storage. After
this requirement has been satisfied, buds will break rapidly
once exposed to springlike conditions; in this state, seedlings
are called postdor mant. The interactions among chilling, flush-
ing temperature, photoperiod, and time required for budbreak
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have been elegantly demonstrated for Douglas-fir by Campbell
[10] and Campbell and Sugano [12].

Of most interest to the forest-nursery manager is the stage
of true dormancy. It is generaly felt that seedlings lifted
before or after the period of true dormancy are high risk and
prone to suffer serious damage from cold storage [47]. If so, it
is important to know when true dormancy begins and ends.
Beyond this, Hermann [42, 43, 44] demonstrated, in a series of
important experiments, tha Douglas-fir seedlings vary greatly
with respect to their ability to withstand environmental stresses
as they pass through the stage of true dormancy itself. Hence,
it is not only important to know when seedlings enter true
dormancy, but also to know the intensity of dormancy at any
point in time. Because seedlings do not change visibly from
late summer to early spring, determining their exact dormancy
status (or intensity) has been troublesome and the subject of
much experimentation. Some suggested techniques follow.
Four of these—dry-weight fraction, mitotic index, hormone
analysis, and electrical resistance—if developed and verified,
would offer rapid, inexpensive methods of assessing dormancy
status and clearly deserve further study.

23.3.1.1 Budbreak tests

The most reliable measure of the intensity of dormancy is
the time required for terminal buds to break in a forcing
environment [50]. In practice, this is determined by bringing a
sample of seedlings indoors, potting them in a suitable medium,
and holding them in a standard test environment simulating
springlike conditions (e.g., 12- to 14-hour days, 20°C air
temperature). Seedlings are checked daily; when terminal bud
scales part to expose new needles, the date is recorded. After
terminal buds have broken on all seedlings, the average num-
ber of days to terminal budbreak (DBB) is calculated. Because
dormancy intensity weakens as winter chilling accumulates,
buds will break faster the later in winter seedlings are forced
(Fig. 3).

23.3.1.2 Dormancyrelease index

The relationship between DBB and chilling sum (see 23.3.1.3)
can be fitted with a reciprocal function (i.e., /DBB) (Fig. 3).
Campbell and Sugano [11]employed this relationship to quan-
tify dormancy intensity in Douglasfir seedlings. They devel-

Days to budbreak, DBB
Dormancy release index, DRI

bew >

Chilling sum

Figure 3. Chilling sum at time of lifting isrelated to days to
terminal budbreak, or DBB (solid curve), of coastal Douglas-fir
seedlings under 16-hour photoperiod and 20°C day and night
temperature. Resulting values can be expressed asa dormangy
releaseindex, or DRI (straight dashed line); for Douglasfir, DRI =
10/DBB. Extrapolation of DRI to point A on the x-axismay pro-
vide an estimate of the earliest dateto begin lifting for storage.



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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break. Zaerr and Lavender [144] have evaluated the potential
for using hormone tests as a litmus for dormancy status in
seedlings and concluded that rapid advances in analytical tech-
nigues might make this areal possibility in the future—but not
now.

23.3.1.8 Electrical resistance

Cyclic seasonal changes in the electrical resistance of the
inner bark of maple (Acer spp.), oak (Quercus spp.), and pine
trees have been reported [20]. In some cases, these changes
were dramatic, with resistance decreasing from spring to sum-
mer and increasing from summer through autumn. Unfortu-
nately, the period of greatest interest to the nursery manager—
December through March—was not sampled due to frozen
stems.

23.3.2 Water relations

Most aspects of seedling physiology influence, and are
influenced by, seedling water status (see also chapter 12,
this volume). Its effects on plant growth and function and the
technology available for measuring it are subjects of a volumi-
nous and complex literature [e.g., 56-61, 66, 103, 104, 123].
Here, a few central concepts are briefly reviewed, and then
several measurement methods that may be of practical value
to the nursery grower are summarized.

23.3.2.1 Water potential

The status of water (W) in a seedling reflects the imbalance
between the rate at - which water is absorbed by its roots (A)
and the rate at which it is transpired (T) through the leaves:

W=(A-T+Y9) (6)
where S, a relatively small term, represents the storage of
water within the seedling itself. During the day, and sometimes
at night, T exceeds A so that the water in the seedling comes
under tension, or "stress." When stress is sufficiently great or
prolonged, growth and photosynthesis cease, metabolic sys
tems break down, and mortality follows.

As used above, W represents the water content of the
seedling. But to be physiologically precise, water status should
be quantified in terms of its free energy, or "water potential,"
Y w. Water potential is defined thermodynamically as the abil-
ity of water to do work in comparison to free, pure water at
standard pressure and temperature, whose water potential is
zero. Units of water potential are dimensionally equivalent to
pressure units; therefore, Y \y can be expressed in pounds per
square inch, atmospheres, or bars. In the metric system, the
appropriate units are joules per kilogram or Pascals. Here | will
use the unit megaPascal, MPa, which is recommended for
plant research [52].4

23.3.2.2 Components of water potential

The water potential of a seedling has several component
potentials. Here, we are interested primarily in two, osmotic
potential (Y p) and turgor potential (Y p), which arerelated
toY asfollows:

Yw=Y p +Y p
Turgor potential is a positive force exerted inward on the cell
contents by the rigid cell wall, much as the skin of a balloon
exerts a force on the air inside the balloon. As the cell loses
water, the force weakens. Osmotic potential is a negative force
resulting from the effect of dissolved solutes (e.g., sugars,
salts) and other materials on the free energy of water. As
solute concentration increases, osmotic potential decreases: in
pure water, it is zero.

41 MPa= 10 bars ~ 10 atm ~ 150 psi.
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Turgor potential is a very important property. Virtualy
every physiological process in the seedling is sensitive to
turgor such that a turgor drop below a given level, if sustained,
can result in death [51].

These concepts are integrated into a diagram (Fig. 4), origi-
nally conceived by the German scientist Karl Hofler [49], illus-
trating the manner in which the components of water potential
change as the seedling gains or loses water. When a seedling
is fully hydrated (100% water content), Y yy is zero, by definition,
and the value of Y pis equal and opposite in sign to the value
of Y p (dueto Equation 7). Asanet loss of water is experienced,
solutes are trapped in the cells by the cell membrane while
water escapes into the cell walls and xylem. Thus, cell solute
concentration increases and osmotic potential decreases. Tur-
gor also falls because the cells lose volume. Therefore, water
potential falls and stress increases. In the example shown in
Figure 4, with aloss of, say, 10% water content,Y vy is- 0.5 MPa,
Ypis-17MPa and Y pis 1.2 MPa. When water loss is 30%,
Y p becomes zero and Y v is - 2.5 MPa. This value of water
potential at zero turgor (Y z) is a critical point because it
presumably indicates at what stress level death isimminent.

These concepts underline the central point that seedling
water status cannot be adequately described by measuring
water potential alone. Complete assessment must also include
estimates of its components. Having said that, | now turn to a
survey of available techniques, only two of which, psychrome-
try and the pressure chamber, are capable of determining
the value of component potentials.

23.3.2.3 Measurement techniques

Gravimetric methods.—Gravimetric methods of measur-
ing seedling water status yield information on water content
only and not on water potential. However, if other alternatives

Zero
turgor
point

L
()

Potential, MPa

-3.0
100 90 80 70 60

Water content, %

Figure 4. A Hofler diagram showing the manner in which water
potential, Y, and its component potentials (osmotic, Y p, and
turgor, Y p), change with respect to a change in cell water
content.



are not available, or if calibrations between water content and
potential have been established, then measuring seedling water
content may be useful.

A widely used measure is Weatherley's [135] Relative Wa
ter Content (RWC). It is determined by weighing a sample
(normally a leaf) immediately after it is collected and again
after it has been brought to full turgidity by floating on water in
the dark until it ceases to gain weight. The sample is then oven
dried for 48 hours and weighed again. RWC is calculated as:

RWC = fr@h wt. - dry wt. % 100 @)
turgid wt. - dry wt.

In afully turgid sample, RWC is 100%. A corollary measure is
the "water deficit," in which the same steps are performed, and
water deficit (WD) is calculated:

turgid wt. - fresh wt.
D= 9
turgid wt. - dry wt. ©

A particular disadvantage of using these methods on conifer
seedlings is the difficulty sometimes experienced in bringing
sample material to full turgor.

Psychrometric methods.—Psychrometric techniques of
estimating water potential are based on the principle that if a
tissue sample is placed in a small chamber, the humidity of
the air in the chamber will come to equilibrium with tissue
Y w- Hence, with appropriate calibration, a measure of humidity
gives an estimate of water potential [26, 105, 138]. Though this
principle has been understood for many years, only recently
have affordable devices been developed for accurate, repro-
ducible measurement.5 They generally consist of a small cham-
ber containing a thermocouple psychrometer (to measure
humidity) and the associated electronics to generate, read,
and transmit an electrical signal.

A significant advantage of psychrometry is that it permits
separate estimates of the osmotic and turgor components of
water potential. To do this, Yy is measured in the normal way;
then the tissue sample is frozen and remeasured. Freezing
destroys the cell membranes, eliminating turgor potential.
Therefore, the value obtained on the frozen sample is equal to
osmotic potential. Turgor can then be calculated as the differ-
ence between water and osmotic potentials.

Success of this method with conifers has been mixed. There
are severa sources of difficulty: (1) conifer needles come to
equilibrium very slowly in the sample chamber due to their
waxy surface and propensity to tightly close stomata, (2) resins
exuded from cut needles tend to gum up the chamber and
thermocouples, and (3) cutting needle tissue releases extracel-
lular water which dilutes the sample and yields water-potential
values that are erroneously high. Although psychrometry isthe
technique of choice for determining water potential in the
laboratory [104], it has not yet found use as an operational
nursery tool.

Density method.—The density method (also called the
dye method) was first described in Russian by Shardakov [100]
and later in English by Knipling [55]. A series of graded water
solutions having a range of osmotic potentials is prepared.
Each of the solutions is then divided in two parts and a dye
(e.g., methylene blue) introduced into one part. Next, the
solutions are placed into a series of test tubes, each pair
containing a solution of known osmotic potential, one clear
and one dyed. A small sample of plant tissueis placed into

5 One such unit can be purchased from Wescor, Inc., Logan, Utah
84321.

6 Available from Campbell Scientific, Inc., Logan, Utah 8432l

each of the clear solutions and held there for several minutes.
Samples with lower osmotic ptentials than the solution will
take up water; therefore, the density of the solution will in-
crease due to its increased solute concentration. Samples with
higher osmotic potentials than the solution will lose water,
thus diluting the solution and decreasing its density. The sam-
ples are then removed, and a drop of the dyed solution is
introduced into the middle of each test tube containing the
clear solutions. The solution having the same osmotic poten-
tial asthe sample will not have changed densty; thus, the drop
of dye will remain in the middle of the tube.

This method is economical, portable, and rapid. It requires
neither electricity nor gas pressure and can be made with very
simple parts. But it does not provide estimates of water-
potential components, and thereislittle, if any, information on
its applicability to conifers.

Freezing-point depression method.—The freezing point
of asolution is a function of its osmotic potential, a measure of
the former providing an estimate of the latter. Cary and Fisher
[14] and Fisher [30] describe an inexpensive, portable device
capable of accurately measuring the freezing point of plant
sap, provided that appropriate temperature corrections are
made.

The major limitation to this method is in obtaning the
sample of plant sap for analysis. Squeezing tissue yields a sap
sample which is nearly pure because it contains extracellular
and filtered cellular water. Grinding or blending plant material
to obtain sap contaminates cell water with extracellular water
and raises the osmotic potential. Freezing-point tests on sap
collected by these different methods from the same tissue
sample have yielded results which differ by as much as 50% [94].
Because of this problem, and because data on conifers are
very limited, the technique is not recommended for nursery
use.

J-14 hydraulic press—A relatively recent innovation in
rapid water-potential determination is the hydraulic press.6 In
principle, the device uses hydraulic pressure to press a sample
of plant material against a clear plexiglass screen. As pressure
increases, water is exuded from the cut tissue or leaf edges,
or the tissue changes color. Childs [17] evaluated the press
against the pressure chamber technique (see below), reporting
good correlations (rz ranged from 0.66 to 0.90) in calibrations
with bareroot and container stock and field-grown seedlings.
However, similar comparisons by Cleary and Zaerr [19] gave
poor results. More work is needed before this technique can
be recommended for nursery use.

Pressure chamber.—Reintroduction of the Dixon pres-
sure chamber by Scholander et al. [99] has provided an inge-
nious and invaluable tool for measuring plant water potential.
Since then, considerable experience has been gained with the
pressure chamber, much of it summarized by Ritchie and
Hinckley [87]. The apparatus and procedures required to use
this technique with forest-tree seedlings have been recently
detailed elsewhere [18, 19] and will not be repeated here.
Rather, | will focus on aspects of pressure-chamber use not
addressed by the above papers—specifically, on measuring
roots and individua needles and on generating "pressure-
volume" curves.

Although not given much attention in the literature, the root
system is an integral fart of a seedling's anatomy and is
generally far more susceptible to cold and desiccation than the
shoot. Hence, the physiological condition of the root system
should be assessed as part of overal seedling quality. The
pressure chamber can be used to develop such information.

We have successfully measured root water potential using
apparatus and procedures identical to those described for
shoots [19]. Normally, the seedling is severed at the root
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collar; then the entire root system, with soil removed, is placed
in the chamber for measurement. With larger seedlings, such
as2+1s, it may be necessary to remove amajor lateral root
for measurement; its value will be nearly identical to that of the
entire root system. Values of root water potential are normally
much higher than those of shoots and exhibit far less seasonal
and diurnal fluctuation [88].

Measuring water potential of leaves (needles) rather than
that of branches enables repeated determinations on a seed-
ling and greatly reduces compressed gas consumption. To
measure needles directly, the rubber gland (#6 rubber labora-
tory stopper) holding the sample in the chamber lid must be
modified (Fig. 5). Note that the stopper has been dlit to the
radius on one side so that a needle can be placed into the
central hole without pushing it through the stopper. Note also
that a portion of the underside of the stopper has been hol-
lowed out with a cork borer so that the needle is not crushed
during pressurization.

To prepare pine samples for measurement, collect afascicle
of needles and strip off the fascicle sheath. Then sever the
base of the fascicle crosswise with arazor blade: this will cut the
xylem traces and permit sap to escape during measurement.
For conifers other than pines, the needle should be cut cross-
wise just above its point of attachment to the branch. The
measurement is then performed as on a small branch, except
that viewing should be with a 15 or 20x magnifier and a light.

Needle water potential was nearly identical to that mea-
sured on the branch from which needles were taken in severa
pine species by Johnson and Nielson [54] and in ponderosa(Pinus
ponderosa Dougl. ex Laws) and Jeffrey (Pinus Jeffreyi Grev. & Balf.)
pines by Ritchie and Hinckley [86]; however, in Douglasfir,
Pacific silver fir (Abiesamabilis Dougl. ex Forbes), and noble fir
(Abies procera Rehd.), needle values were higher than equivalent
branch values. Calibrations for leaf and stem water potential of
these species are [86]:

Species Equationl r2

Pacific silver fir Yg=-059+148Y 0.91
Noble fir Ys=-047+134Y 0.82
Douglasfir Yg=-077+128Y 1 0.92

1Y g = stem water potentia (bars).
Y 1 = leaf water potential (bars).

A highly valuable feature of the pressure chamber is that it
enables osmotic and turgor potentials (Equation 7) to be mea-
sured through generation of what is called a "pressure-volume"
(P-V) curve[16, 37, 40, 124]. A simplified procedure for gener-
ating a P-V curve is given in Appendix 1, this chapter. A P-V
curve represents the relationship of reciprocal water potential
(1/Y w) with water content. The curve has two distinctly differ-

ent regions, one that is curvilinear and one that is linear (Fig.
6). The linear region can be extrapolated to the y-axis (to point
A) with a straight line to give the osmotic potential when the
seedling is at full turgor. The point where the linear and curvilin-
ear regions meet is the water potential at which turgor is lost,
or the "zero turgor point." Its value can be determined by
extrapolating horizontally to point B.

An important finding has been that both these properties
change dramatically from month to month in Douglas-fir seed-
lings [88]. Water potential at zero turgor in shoots and roots
was lowest (seedlings tend to be more drought tolerant) in
midwinter and late summer and highest in spring over the
course of ayear (Fig. 7). This may partly explain why seedlings
are so sensitive to handling and planting when lifted in March
and April.

252

This technique also has considerable potential for detecting
certain types of hidden seedling damage. For example, frost-
damaged seedlings typically have membrane lesions which
result in solute |eakage from cells (see 23.2.2.2). This disrupts
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Figure5. Diagram of a#6 rubber laboratory stopper modified
to accept a conifer needlefor pressure-chamber measurement.
All dimensionsarein millimeters.
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Figure6. A pressure-volume(P-V) curve. Thelinear regionrepre-
sents the relationship between cell volume and osmotic potential
when turgor equals zero. Extrapolation to point A givesan esti-
mate of theosmotic potential at full turgor, to point B an esti-
mate of the osmotic potential at zero turgor (see Appendix 1,
this chapter).
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Figure7. Seasonal changesin the" critical water potential" for a
Douglas-fir seedling. This value is approximately equal to the
water potential at which turgor becomes zero (zero turgor point;
see Fig. 6).

tissue osmotic properties. A RV curve from such a seedling
would not show a well-defined linear region. Or seedlings with
severely depleted carbohydrate reserves resulting, say, from
long-term storage would have abnormally high osmotic poten-
tialsat full turgor.

Cleary and Zaerr [19] have suggested some general guide-
lines for interpreting pressure-chamber readings on tree seed-
lings. For bareroot stock from a nursery bed, water potential
should not fall below -1.0 MPa and, ideally, should be above
-0.5 MPg; if it falls below -2.0 MPa, the seedling may suffer
severe physiological damage. Figure 7, however, indicates that
the above values are not fixed. Seedlings in mdwinter are
apparently far more tolerant of low water potentials than they
arein spring.

23.3.3 Nutrition

The literature on plant nutrition in general is voluminous.
Our interest, however, is plant nutrient analysis as a direct
indicator of seedling quality. The literature on this topic,
unfortunately, is weak. Two aspects of nutrition are considered
here-mineral nutrients and food reserves.

23.3.3.1 Mineral nutrients

All physiological processes, as well as morphological ones,
are influenced by mineral nutrition [114]. There has been
hope, then, that some simple measure of seedling nutrient
status might be developed as an index of seedling quality [e.g.,
96].

In reviewing nutrient status of Northwest conifer seedlings,
van den Driessche [129] found that potassium (K), phosphorus
(P), and nitrogen (N) affect various species differently with
respect to frost hardiness. Increased K generally improves
hardiness, whereas excess P has been shown to decrease
hardiness in some species. N can improve hardiness if applied
late in summer after height growth has ceased; if applied
earlier, N can prolong shoot growth, retard dormancy de-
velopment, and delay the onset of hardiness (see chapter 7,
this volume).

Stress resistance also may be affected by nutritional status.
For example, N and K can reduce transpiration rate, whereas P
tends to increase it. N and K may also improve tissue water
relations by enhancing turgor maintenance through osmotic
adjustment. As to the effects of mineral nutrition on RGP, the
data are too limited to warrant discussion [85].

van den Driessche [130] was able to show an improvement
insurviva of Douglas-fir seedlings following N fertilization in the

nursery. It was not clear, however, whether this effect was
direct or due to a general increase in seedling size (see 23.3.4)
brought about by the extra N.

Menzies [72] analyzed foliar nutrient content of Douglas-fir
seedlings grown at alarge Northwest coastal nursery. December-
lifted seedlings had adequate to low N, low tovery low P,
and adequate to low K, according to van den Driessche's [125]
classification. By March, all nutrients had fallen to low or very
low concentrations. Y et these seedlings had 98% survival and
excellent growth 2 years after outplanting. It may be that,
except in cases of severe deficiency, growth and performance
reflect the intricate interplay between seedling nutrition and
other factors governing physiology, morphology, and site
conditions. Because the effects of mineral nutrition on seed-
ling physiology are complex and interacting, no consistent
relationship has yet been demonstrated between any aspect
of seedling nutrient content and seedling quality, except in
cases of severe deficiency.

23.3.3.2 Food reserves

Seedlings store food reserves in the form of sugars, starch,
hemicelluloses, proteins, fats, oils, and other compounds (for
discussion, see [62] and also chapter 14, this volume). The
sugars and, especialy, starch are key forms. Many workers
have stressed the importance of adequate food reserves to
seedling performance [see reviews by 48, 132], and some have
suggested that a measure of starch content might be used as an
indicator of seedling vigor [28, 32].

Hellmers [41] noted a correlation between a decline in root
starch during sorage (determined by iodine staining) and re-
duced survival in ponderosa pine seedlings after outplanting.
Winjum [140] suggested that concentration of reducing sugar
might serve as an index of seedling quality in Douglas-fir and
noble fir. Puttonen [82] mentioned the possibility of using the
carbohydrate pool as a measure of seedling physiological
condition. Others [e.g., 109, 111] have proposed a cause-effect
relationship between carbohydrate reserves and RGP, although
more recent evidence [84] does not support thisview.

Unfortunately, this relationship does not seem to have been
examined by systematic, rigorous experimentation. This is
disappointing because some carbohydrate components (e.g.,
starch) are easily determined and because the idea that
"food reserves' are critical to seedling quality seems sound.
However, carbohydrate chemistry is exceedingly complex. In-
terconversions among carbohydrates occur continuously, and
the various metabolites function in different ways at different
times. Therefore, although carbohydrate assessment would
seem to hold promise as a future tool for indicating seedling
quality, such technology is not now available.

23.3.4 Seedling mor phology

In a strict biological sense, morphology means form and
structure. In practice, however, any seedling characteristic that
can be readily observed or measured is normally construed as
morphological. The most commonly cited morphological proper-
ties are those that are most easily measured: shoot height and
weight, root-system weight or volume, root fibrosity (often
subjectively assessed), stem diameter at the root collar, bud
"set," foliage color, and various ratios such as shoot:root
weight or top heightatem diameter (sturdiness ratio). Each of
the above characteristics can be manipulated to some extent in
the nursery by controlling seedbed density, undercutting and
wrenching, transplanting, top mowing, irrigation, and nutrient
management (see chapter 15, this volume). Because they are
relatively easy to control and measure, morphological charac-
teristics have been used extensively over the years to define
seedling quality [7, 114]. Indeed, some European nations have
adopted legislation establishing morphological grading stan-
dards for tree seedlings [98].
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More recently, however, considerable research attention
has been focused on "physiological grading" of planting stock
(as previously discussed). Results of this work indicate that: (1)
seedling physiological condition exerts a strong influence on
seedling survival and growth potential; (2) components of
physiological condition are numerous, change rapidly over
time, and can change independently of one another; and (3)
physiological condition cannot be visually determined.

It follows from this that comparisons of seedling perfor-
mance based upon morphological traits are valid only when
seedlings are in the same physiological condition when tested.
This simple deduction probably invalidates much of the pub-
lished research on the effects of morphology on seedling
performance and accounts for the inconsistency and variability
which pervade this literature (see, e.g., [45]). | know of no
published work on seedling morphology and performance in
which the condition of physiological homogeneity has been
quantitatively satisfied. Therefore, the following comments on
the relation between morphology and performance are based
upon generalizations and personal observation and, as aresult,
must be viewed as qualitative and biased.

Operational experience tends to indicate that, other factors
equal, seedlings with large stem calipers tend to outperform
those with smaller calipers [15, 18, 25, 98, 114]. Furthermore,
stem caliper tends to be well correlated with other seedling
size characteristics, as illustrated by unpublished data from
four Douglas-fir stock types (Table 1). Note, however, that
stem caliper was not well correlated with shoot:root ratio in
these seedlings (see also chapter 24, this volume).

Dobbs [24] examined the relationship between mass (fresh
weight) and field performance of white spruce [Picea glauca
(Moench) Voss] and lodgepole pine (Pinus contorta var. latifolia
Engelm.) seedlings and transplantsin interior British Columbia.
Large individuals tended clearly to outperform small ones
regardless of species or stock type. Furthermore, the size
advantage was amplified by site characteristics: differences in
performance were more pronounced on unscarified sites. Al-
though not quantitatively documented, his seedlings seem to
have been physiologically similar.

Table 1. Linear relationships between stem caliper (diameter,
mm) and five mor phological characteristics of Douglas-fir seed-
lingsof four stock typesfrom asingle Twin Harbors, Washington,
seedlot.

Characteristics Stock typel r2
Height (cm) and stem cdliper 2+0S 0.41
2+0L 0.31
1+1 0.26
2+1 0.45
Root dry weight (g) and stem cdiper 2+0S 0.80
2+0L 0.78
1+1 0.69
2+1 0.82
Shoot dry weight (g) and stem caliper 2+0S 0.89
2+0L 0.81
1+1 0.71
2+ 0.85
Total dry weight (g) and stem caliper 2+0S 0.88
2+0L 0.83
1+1 0.76
2+1 0.87
Shootroot ratio (dry) and stem caliper 2+0S 0.00
2+0L 0.00
1+ 0.03
2+1 0.01

1 Standard bed density 2+0 seedlings (2+0S) were grown at ~ 209/m2
and low density 2+0 seedlings (2+0L) at ~ 143/m2; transplants were
grown at ~ 209/m2, transplanted at ~ 55/m2.
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Cleary et al. [18] also have reported that on sites where
animal browsing, brush competition, and snow press were
severe, larger seedlings had an advantage, presumably be-
cause they can sustain browsing and can grow above weeds
more effectively than smaller seedlings. However, largeness
can be disadvantageous under some conditions. For example,
on high-elevation sites where brush competition is not exces-
sive but desiccating winds are prevalent, a large foliar surface
would tend to place greater transpirational demand on the
root system (see 23.3.2.1); in that case, smaller seedlings may
be preferred.

But size alone is not meaningful if the seedling is out of
balance [18, 72]. A large top requires a large root system to
supply water and nutrients; hence, some measure of shoot: root
ratio balance isindicated. The pitfall hereis that root weight or
volume is not a very good indicator of the root system'’s ability
to provide water and minerals. Total surface area of the root
system or some measure of root-system fibrosity or absorp-
tion capacity is needed, but, unfortunately, such quantities are
difficult and costly to determine. Furthermore, the root surface
must effectively contact the soil after planting.

Dickson et al. [23] attempted to develop an integrated
approach to quantifying morphological quality by formulating
an index which included several morphological features. Their
quality index (QI) was calculated as:

) height (cm) top wt. (9)
QI = seedling ary wt. (g) /[ i mm) * Tootwt (9) | C)

where the higher the index, the better the seedling. When |
applied this index to Douglas-fir seedlings of four stock types
(plug, 2+0, 1+1, and 2+1), it gave values of 0.99, 1.79, 1.88.
and 2.30, respectively. This ranking corresponds quite closely
(and perhaps coincidentally) with observed performance rank-
ings of these stock typesin many of our field trials.

In conclusion, morphological characteristics probably exert
the ultimate influence on seedling performance only when
physiological characteristics do not differ significantly among
seedlings.

23.4 Current Practice

Of the nurseries surveyed in the OSU Nursery Survey (see
chapter 1, this volume), al reported making some routine
measurements of seedling quality. Each was contacted by
letter or telephone to obtain detailed information on the nature,
application, and interpretation of the tests used. A synthesis of
thisinformation follows.

23.4.1 Root-growth potential

Four nurseries reported using RGP to assess seedling quality.
One uses the standard measurement method developed by
Stone, described in 23.2.1.1, and three use the more rapid
scoring system developed by Burdett, described in 23.2.1.2.
One nursery indicated that RGP was measured only for trouble-
shooting and not routinely. Another indicated that RGP was
used initialy to establish the optimum lifting window and later
only as an annual spot check.

23.4.2 Frost hardiness

Nine nurseries reported assessing frost hardiness on a more
or less routine basis. All use the test to determine when frost
protection is needed in fall and spring, and all but one re-
ported testing | +0s only. The most commonly used method is
to place potted seedlings in an on-site freezer chest and re-
duce the temperature to some level, then remove the seed-
lings and assess damage after a few days. Temperatures used



generally bracket the expected LT 5g value. Methods of assess-
ing damage ranged from odor, to general visual appearance,
to cutting buds, to scraping bark to detect dead cambium.
One nursery reported using frost hardiness as an indicator of
when to begin fall lifting, but none reported using it as an
indicator of seedling quality before shipping stock to customers.

23.4.3 Stressresistance

Only three nurseries measure stress resistance. They use
the services of Oregon State University and the test methods
described in 23.2.3. One nursery reported that results of stress
tests did not agree well with results of RGP tests and that RGP
correlated better with seedling survival in the field. Most stress
tests are conducted for reforestation personnel rather than for
nurseries.

23.4.4 Dor mancy

Seven nurseries assess seedling dormancy. Three use the
oscilloscope, as described by Ferguson (see 23.3.1.4). One uses
visual appearance of buds and foliage color; another
performs a budbreak test. Two coastal nurseries monitor chill-
ing sums and begin lifting when cumulative hours of air tem-
perature below 6°C approach 600. One reported experimenting
with chilling sums. All of the above assess dormancy only as a
guide to determine when to begin lifting, and none use it as a
measure of seedling quality itself.

23.4.5 Water relations

Water status was the most common measure of seedling
quality. Thirteen nurseries routinely measure water status with
a pressure chamber. The most common application is monitor -
ing stress buildup in seedlings during lifting, grading, packing,
and storage.

Each nursery has guidelines regarding acceptable levels of
stress. Generally, nurseries do not lift when stress exceeds 1.0
or 1.5 MPa and do not permit stress to exceed 0.5 MPa when
grading and packing. Some nurseries use predawn pressure-
chamber measurements to indicate the need for irrigation and
to manage development of late-summer stress for dormancy
induction. But none reported measuring stress in root systems
or on individual needles or using P-V curves or other more
advanced techniques, although one Oregon nursery is begin-
ning some preliminary work in this area.

23.4.6 Nutrition

Eight nurseries reported monitoring seedling foliar nutrient
content. In al but one, thisis restricted to the 1+0 crop. In all
cases, samples are sent to a regional laboratory (either the
Ministry of Forests Laboratory in Victoria or Oregon State
University in Corvallis) for testing and interpretation. Most
samples are taken in late summer or fall and the results used to
fine-tune fertilizer prescriptions for the following year. Many
foliar analyses are used in conjunction with soil nutrient analy -
ses (see chapter 8, this volume). Again, in no case was nutrient
content used as an index of seedling quality itself. No mention
was made of carbohydrate analysis.

23.4.7 Morphology

Virtually al nurseries grade seedlings based upon their
morphological characteristics. In amost every case, stem cali-
per at the root collar and shoot height (from the root collar to
the terminal bud) are the characteristics measured. Also, seed
lings showing any visible signs of damage such as torn roots,
scarred bark, or broken tops are normally culled. Cull stan-
dards vary with nursery and species and are often determined
by the buyer of the stock.

23.5 Summary

Attributes of seedling quality are categorized as either
performance attributes (RGP, frost hardiness, stress resistance)
or material attributes (bud dormancy, water relations, nutrition,
morphology). Performance attributes are assessed by placing
samples of seedlings into specified controlled environments
and evaluating their responses. Although some effective short -
cut procedures are being developed, performance teststend
to be time consuming; however, they produce results on whole-
plant responses which are often closely correlated with field
performance. Material attributes, on the other hand, reflect
only individual aspects of seedling makeup and are often
poorly correlated with performance.

Bud dormancy status seems to be correlated, at least
phenologically, with the three performance attributes. Unfortu
nately, no rapid method of measuring dormancy intensity is
yet available, although severa are promising. Nursery chilling
sums seem to offer a good method of indirectly estimating
dormancy in some species.

Seedling water status also is related to al three perfor-
mance attributes, but in complex and interacting ways. Al-
though several methods are available for measuring water
status, the pressure chamber isthe method of choice because
it (1) is rapid, accurate, and simple to use, (2) measures water
status in energy terms, and (3) permits estimation of the turgor
and osmotic components of water potential.

Seedling nutrition affects all aspects of seedling performance.
However, measurements of nutritional status (usually made on
foliage) are poor indicators of seedling quality.

Seedling morphology is a widely used grading criterion.
More often than not, larger seedlings tend to outperform
smaller seedlings on many sites. However, physiological fac-
tors generally override size effects.

Of 21 Northwest nurseries surveyed, all reported using at
least one of the above measurement techniques. However, with
the exception of morphology, these techniques were
generally not used to assess seedling quality itself, but rather
to monitor the effects of some cultural operation (e.g, lifting,
grading, wrenching) on the seedling crop or to determine the
optimum manner in which to perform such operations.

23.6 Recommendations
23.6.1 Operations

It is not realistic to recommend that nurseries routinely
monitor the physiological condition of their planting stock,
given the complex, time-consuming nature of the available
methods. With respect to performance attributes, which give
the most useful predictions, test results would be available too
late to be of much practical use. Nearly al nurseries do moni-
tor seedling morphology, and this practice is certainly worth-
while. Emphasizing root quality as well as traditional height and
caliper standards also might be desirable.

For troubleshooting, when seedling damage is suspected, a
good approach seems to be the accelerated RGP test (see
23.2.1.2). Any serious damage would generally be expected to
show up under the forcing conditions described, although
there are never any guarantees. Of course, this assumes that
nurseries have access to controlled-environment chambers.
Measurements of water potential, by pressure chamber or any
other method, seem to be of limited use because a dead
seedling can have either high or low water potential. Cold
damage to the stem can sometimes be detected by sectioning
buds, and cold damage to the roots by scraping bark to detect
dead cambium. A more laborious but more definitive method
seems to be the P-V curve, where freeze-caused cell lesions
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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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