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Dedication
This paper is dedicated to my good friend and colleague of
nearly 30 years, Dr. Yasuomi Tanaka, who passed away on
October 23, 1999. Yasu was a tireless scientist, a steadfast
friend and always The consummate gentleman. His contri-
butions to nursery and reforestation science and practice here
in the Pacific Northwest are destined to outlive all of  us.

Abstract
The informed buyer should take stock quality into careful consideration when plan-
ning seedling purchases and reforestation activities. Seedlings have both morphological
and physiological quality attributes, both of  which can strongly affect field perfor-
mance. Morphological attributes (stem diameter, height, etc.) are easily observed and
measured and do not change during the lifting-planting season, so they form the
basis of  most stock grading systems. In contrast, physiological attributes, such as cold
hardiness, stress resistance, root growth potential, photosynthetic efficiency and root
viability are not visible and can change dramatically during the lifting-planting sea-
son, affecting stock quality in many ways.
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Introduction
It is no longer debated in reforestation
circles that successful regeneration,
whether it be with tree seedlings or
with native plants, depends heavily on
nursery stock quality. As our keynote
speaker has pointed out, even with in-
tensive site preparation, if  stock qual-
ity is lacking survival and early growth
often fall short of  expectations.

Over the past 25 years I have con-
ducted research in seedling quality and
quality assessment in the Pacific North-
west. The remarks I have prepared for
this conference reflect the insights and
experiences gained over these years.
The limited length constraints placed
on this paper do not permit an exhaus-
tive review of  literature, although I
have cited key papers in many topic
areas. Nor is the paper a scientific trea-
tise aimed at a technical audience.
Rather, it is intended as a common
sense review of  some attributes of
planting stock quality that have stood
the test of time -- attributes that in-
formed seedling buyers should under-
stand. These fall broadly into two cat-
egories: morphological attributes and
physiological attributes.

Morphological
Attributes
Morphological attributes are readily
visible. They include stem diameter,
height, root system quality, foliage
color, bud size, and other characteris-
tics. They change little over the course
of a lifting-planting season and form
the basis of most stock grading systems
worldwide. Many studies have found

strong correlations between seedling
morphology and field performance in
many species (Mexal and Landis 1990
and references cited therein). Stem di-
ameter, root system quality, and root/
shoot balance seem to be particularly
important.

To illustrate this point, we conducted
a detailed experiment on the effect of
stem diameter and root quality on sur-
vival and growth of  Douglas-fir seed-
lings and rooted cuttings in Washing-
ton. Across eleven half-sib families and
on three sites, larger diameter stock al-
ways outperformed smaller diameter
stock, and within diameter classes,
large fibrous root systems gave better
performance than smaller, less fibrous
root systems (Ritchie et al. 1993). Fur-
thermore, these effects have persisted
for at least five years.

David South (personal communica-
tion) showed with loblolly pine that
not only does large diameter stock tend
to perform best, but that the effect of
stock quality and site prep intensity are
additive. In other words, to get the big-
gest benefit from your site prep dollar,
spend the extra money to plant the best
stock.

Physiological
Attributes
Physiological attributes rarely form the
basis of any grading systems because
they are essentially invisible and rela-
tively difficult to measure. However,
they are very important. A seedling
which looks good but lacks, say, accept-
able Root Growth Potential, may give
very disappointing field performance.

Physiological attributes change dra-
matically over a lifting-planting season
as we will illustrate later. Fortunately,
during the past several decades much
has been learned about proper mea-
surement and interpretation of  physi-
ological attributes. The remainder of
this paper will focus on several which
are central to stock quality.

Nutritional status
Sometimes during fall and winter, seed-
lings may appear “off  color”, indicat-
ing poor nutritional status. This can
result from crop hardening or frost pro-
tection practices. Nutrient deficiency
can lead to poor performance. Fortu-
nately, nutrient status is relatively easy
to measure and there are many excel-
lent references on this topic (e.g.,
Haase and Rose 1997). Table 1 con-
tains ranges of  values for many of  the
important nutrients from several plant
types sampled in fall. The effects of
nutrient deficiencies on plantation per-
formance are discussed by van Den
Driessche (1991).

Seedlings use carbohydrates (sugars and
starches) as their primary food supply.
Sugars are manufactured by photosyn-
thesis and are stored in leaves, stems and
roots as starch. In spring, seedlings mo-
bilize these reserves for growth (Loescher
et al. 1990). Carbohydrates are respired
during cold storage (van den Driessche
1979) which may leave stock in a de-
pleted state when planted (Ritchie 1982,
Kim et al. 1997). Unfortunately, the
forms and levels of  carbohydrates needed
for good survival and growth have not
been determined. This is an active area
of  current research.
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Dormancy and stress
resistance
Any gardener knows that you don’t
transplant bareroot plants when they
are growing because they are extremely
sensitive to stress – particularly root
stress. However, when plants are in a
certain state of  dormancy they are very
resistant to root stress. They can be
lifted, handled, stored, and planted and
expected to survive and perform well
after planting.

Dormancy reaches its peak in October
or November in this region. As dor-
mant plants are exposed to tempera-
tures in the range of  0° C to 10° C (32°
F to 50° F) during winter, dormancy
weakens. This weakening of  dormancy
by cold temperature is often called a
“chilling requirement” and is well
documented (Romberger 1963). De-
spite decades of  research, the physi-
ological mechanism of  chilling require-
ments remains undiscovered (Seeley

1994). Once the chilling requirement
is satisfied, usually sometime in Feb-
ruary, dormancy is completely released
and growth resumes as spring tempera-
tures return.

The relationship between dormancy
and stress resistance is not linear (Lav-
ender 1985). While, dormancy is great-
est in fall, stress resistance is greatest in
mid-winter. Therefore, stock lifted in
fall or spring can be expected to show
low stress resistance, relative to stock
lifted in winter (generally early Decem-
ber through February). For a seedling
buyer, this is important to know.

Dormancy is also affected by cold or
frozen storage. Both will slow down the
release of  dormancy and can be used
to hold planting stock in a dormant
and stress resistant state well into spring
(Ritchie 1984). As an example, stock
lifted in early December and held in
frozen storage until April will remain
dormant and stress resistant. In con-

trast, stock which is lifted in April will
be resuming spring growth and will
have lost stress resistance, hence, may
be easily damaged by lifting and han-
dling. This is one reason that cooler
and freezer storage are used through-
out the forest nursery industry.

Cold hardiness
Unfortunately, there is no good way to
measure stress resistance. However,
stress resistance is high when seedlings
are cold hardy, and, fortunately, cold
hardiness can be measured accurately,
although the process is laborious and
expensive (Ritchie 1991).

Figure 1 shows how cold hardiness, dor-
mancy and stress resistance change
through winter for Douglas-fir stock.
Note that at peak dormancy, stress re-
sistance and cold hardiness are very
weak. Note also the similarity in timing
between the stress resistance and cold
hardiness curves. From this we believe
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Table 1. Normal ranges of foliar
nutrients for Douglas-fir seedlings in
fall (Jones et al. 1991), and for plants
in general.

Percent of dry weight

Element Jones et al 1991 A&L Labs

N 1.50-2.30 1.40-2.00
P 0.18-0.35 0.10-0.40
K 0.75-1.10 0.50-1.50
Ca 0.30-0.50 0.25-2.00
Mg 0.09-0.15 0.12-0.40
S 0.15-0.25 0.10-0.30

Parts per million
B 4-15 15-40
Cu 3-12 4-25
Fe 70-200 50-200
Mn 200-600 25-500
Zn 25-45 20-150

Figure 1. Dormancy intensity, stress resistance, and cold hardiness change dramatically over
winter, with stress resistance and cold hardiness peaking more or less synchronously.
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that cold hardiness can be used as a sur-
rogate indicator of  stress resistance.

Cold hardiness is also an important
physiological attribute in its own right.
If  stock is grown late into fall, it may
not have sufficient time to harden be-
fore winter. Early arctic events are com-
mon in this area, having occurred in
four of  the past 12 years in western
Washington. In extreme cases, these
can bring temperatures below –8° C
(18° F), which is the minimum tem-
perature for frost protection. When a
freeze occurs stock may be damaged
and the damage is not always immedi-
ately visible.

Different tissues within a plant have
changing temperature sensitivities
throughout winter. If  an arctic event
were to occur, say, in mid-November,
it may kill cambium and buds but have
no effect on needles. The stock may
look healthy, but after planting the top
may turn red and the buds may fail to
break. So it is important that nursery
stock be allowed to cold harden prop-
erly in fall. This is something the in-
formed buyer should be aware of.

Finally, if  stock is lifted for storage in
late-November or early-December, be-
fore it has attained peak hardiness, then
planted in January and exposed to
damaging temperatures, the stock may
be damaged or killed by such event.

Photosynthetic efficiency
Photosynthesis drives everything. In
fact, without current photosynthesis
some important conifers will not pro-
duce new roots (van den Driessche
1990). So photosynthetic efficiency

would seem to be a good indicator of
seedling quality. Any factors such as
cold damage, disease, or poor nutri-
tion, which impair photosynthetic ef-
ficiency, can seriously impact seedling
vigor and performance.

Photosynthetic efficiency can be mea-
sured by determining the amount of
CO2 taken up by leaves and calculat-
ing uptake per unit of  leaf  area. How-
ever, this is very tedious and requires
expensive equipment and very careful
attention (Leverenz and Hallgren
1991).

A newer method called “Chlorophyll
Fluorescence” (CF) holds great prom-
ise as a rapid, non-destructive measure
of photosynthetic efficiency
(Mohammed et al. 1995). Several labs
are now working to develop CF-based
tests that might be used to assess plant-
ing stock vigor, to diagnose damage
and to predict field performance. This
work is yielding very promising results.
I believe that soon (CF) will be an
important stock quality indicator that
will be readily measurable and reported
along with nutrition, dormancy status
and cold hardiness.

Root growth potential (RGP)

Perhaps the most widely reported seed-
ling quality attribute is Root Growth
Potential (Ritchie and Tanaka 1990).
This is essentially a bioassay in which
a seedling’s ability to grow roots is de-
termined in an environment near op-
timum for root growth. When seed-
lings do not produce roots, or produce
relatively few, it signals that something
is wrong.

An RGP test should be interpreted like
a seed germination test. Both are con-
ducted under near optimum condi-
tions and measure seed or stock per-
formance under these conditions only.
They do not necessarily predict germi-
nation following sowing into the nurs-
ery or root growth following planting
into the field. If  seed germinates poorly
in a lab test, or if  seedlings show poor
RGP, both indicate a problem.

Some have misused RGP information.
For example they have used it to pre-
dict field root growth or even survival
and growth after planting (see Simpson
and Ritchie 1997). Much of  the dis-
enchantment expressed in the literature
about RGP (e.g., Binder et al. 1988)
reflects its inadequacies in this area.
RGP indicates stock viability only, it
does not necessarily predict field per-
formance.

Root viability
Viability of  root systems is essential for
good stock performance. Root viabil-
ity can be disrupted by waterlogged
soils or growing medium, poor nutri-
tion, prolonged storage, pathogens,
cold damage, rough handling and
other agents. Dead roots can be recog-
nized simply by scraping away root
bark and looking for black or brown,
mushy tissue. Quantitative tests are
now being developed to assess root vi-
ability based on leakage of  electrolytes
(McKay 1992) and tissue water rela-
tions (Ritchie 1990). None of  these
tests are yet operational.
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Other Stock Quality
Considerations
There are other stock quality attributes
such as insect and disease damage,
seedling water status, and various bio-
chemical indicators that I have not
mentioned. I did not discuss insects
and diseases because they were the sub-
ject of  the previous talk. I also did not
discuss plant water relations, not be-
cause they are not important, but be-
cause we don’t have any good guide-
lines on which parameters to measure
and what values are normal or abnor-
mal. Other tests and indicators are be-
ing developed but are not yet opera-
tional.

Integration and
Interpretation
It is important to keep all of  this infor-
mation in perspective. Stock quality is
key to stock performance, and there are
many indicators and tests of stock qual-
ity. Different tests may give different re-
sults on the same stock. For example,
stock may have very high RGP and very
low cold hardiness yet be perfectly viable.
The informed buyer takes these tests and
this information seriously, but under-
stands that they are neither perfect nor
comprehensive and uses them with in-
telligence and wisdom.
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