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SUMMARY

Reforestation sometimes is delayed by planting seedlings that do not havehigh potential
for survival. Several factors influence survival. Unstored Douglas-fir lifted and planted in early
fall generally are increasingly harmed by moisture stress the farther south in the Douglas-fir
region they are. Such early-lifted seedlings are harmed even more by subsequent cold storage,

but storage of seedlings lifted after mid-November does little harm.
Root growth is at a peak from January to March, and lifting causes little damage. Cold

storage of seedlings lifted when they have high capacity for root growth extends the period of
such capability. Storage at 35 F is least damaging.

Periods of light during storage benefit survival when planted, but differences in moisture
stress caused by storage in closed boxes or in open bundles apparently has no effect.
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INTRODUCTION

Good nursery practices are more important than ever. Demand for tree seedlings has risen

spectacularly in the last decade. This trend is likely to continue because of the need for speedy
reforestation of cutover lands. Extrapolating from the latest available figures for the United
States (19), we estimate that the combined annual production of Canadian and American
nurseries exceeds one billion seedlings. Planting that many trees represents a staggering
investment. One obvious way to protect it is to produce planting stock with a high potential
for survival in the field. Containerized planting stock may be the most promising approach

toward this objective. For some time to come, however, bare-rooted seedlings undoubtedly

will make up the bulk of stock used in reforestation and efforts must continue to improve the
quality of such planting stock. In spite of all the progress in management of forest tree
nurseries over the last few decades, many unsolved problems remain.

Perhaps the most difficult task for nurserymen is control of physiological quality of
seedlings. So far, nurserymen could not get much help because our understanding of basic
physiological processes governing growth of seedlings is still woefully inadequate. A rapid

change of this situation is unlikely. Few investigators work on physiology of tree seedlings and

results are not obtained quickly. Here, we summarize studies in this field conducted in recent
years at Oregon State University. Most of the work was done with the coastal variety of
Douglas-fir (Pseudotsuga menziesii var. menziesii).

RELATIONS BETWEEN LIFTING, STORAGE, AND VIGOR

The causal relations among date of lifting, length of storage, and vigor of seedlings,

manifested by their performance after outplanting, have been of principal concern in our work

at Oregon State University. In the Douglas-fir region, a connection between date of lifting
seedlings from nursery beds and field performance was suggested first in the early 1950's.
Detailed records of planting activities in the Tillamook burn kept by the Oregon Department

of Forestry showed a peculiar pattern of survival. Mortality in plantations established in fall

was consistently high, although planting techniques, crews, and origin of seedlings were the

same as those in the more successful winter and spring plantations.
These observations were followed by systematic investigations of the effectof lifting time

on growth and survival after outplanting. Results show a trend in responses of seedlings that

seems to be tied to a climatic gradient. Generally, moisture stress increases in severity and its

onset is accelerated in the Douglas-fir region with decreasing latitude. This is reflected by an

increasing effect of date of lifting on subsequent survival of outplanted seedlings of Douglas-fir

with increasing environmental stress (Table 1). To phrase it differently, the farther south we go

in the Douglas-fir region, the more critical becomes date of lifting.
Another adverse, but usually less pronounced reaction of Douglas-fir seedlings to lifting

may occur in spring after buds have started to swell (9). This reaction, manifested by poor
survival, becomes apparent when seedlings experience severe moisture stress, as for instance on

grassy planting sites (23). Ponderosa pine, too, tends to react unfavorably to lifting during the

period of bud swell (R. K. Hermann, unpublished).

Cold Storage
The adverse effect of lifting during the critical period in fall on quality of Douglas-fir

planting stock is intensified when seedlings are kept in cold storage (5,9). A detrimental

influence of fall lifting and subsequent cold storage on seedling vigor appears to be
characteristic of many of the western coniferous species. In California, ponderosa pine
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Table 1. Survival Percentage of Unstored Douglas-fir Seedlings
Lifted in Early and Late Fall.

ionth of lifting

Sept. Oct. Nov. Location Reference

94 97 100 British Columbia Walters and Soos (20)
-- 88 90 Washington Winjum (22)
78 66 76 "Northern Oregon Austin and Strand (2)
31 82 91 Central Oregon Lavender (9)

0 0 10 California Stone et al. (17)

seedlings lifted and placed in cold storage early in fall had a high rate of mortality even after
replanting under favorable conditions in the greenhouse. When lifted after mid-November,
storage ceased to have a harmful effect, and survival of seedlings increased notably (16).
Similar observations were made on noble fir (22).

Lifting in Fall
Enough evidence, much of it unpublished, has accumulated over the last 20 years to

indicate that lifting western conifers in the fall is likely to result in high mortality during the
first year in plantations. Judging from the literature, lifting in the fall does not seem to be a
problem with coniferous trees native to central and eastern North America, or to the
temperate regions of Europe. A possible reason for this may be that onset of dormancy in trees
native to the central and eastern parts of North America and to Europe is primarily under
photoperiodic control. By contrast, drought seems to be the principal factor in cessation of
growth in western conifers. Irrigation in nurseries may skew the dormancy curve of western
conifers, but not that of conifers of other regions. An argument in favor of this hypothesis is
the unfavorable effect of lifting in fall and subsequent storage on the vigor of such species as
Douglas-fir, western hemlock, and western redcedar in European nurseries, although native
species like Norway spruce do not display such an effect (1,13).

The hypothesis advanced here implies that nursery irrigation will delay the trigger
mechanism for onset of dormancy in western conifers and thus keep them in a nondormant
state into the season for lifting. Whether or not this theory is correct does not alter the fact
that lifting early in the dormancy cycle will be harmful to any kind of coniferous seedling.
Examples are the results of lifting and storage trials with white spruce (3) and white pine (21).

Dormancy Stage
A recent review of work on cold storage of coniferous seedlings (6) reveals many

inconsistencies in reports concerned with influence of lifting date and storage on quality of
planting stock. These inconsistencies probably reflect the circumstance that trees were lifted at
different stages in the dormancy cycle. The dormant period of woody plants consists of a
series of physiological states, which Samish (14) has termed quiescence, preliminary rest,
mid-rest, and after-rest. These stages may be defined by the growth responses of seedlings
when placed in an environment favorable to growth. Seedlings in the mid-rest stage, often
called deep dormancy, will not commence growth even under optimal conditions of
temperature, light, and moisture. At this stage, lifting seems to cause particularly severe
physiological disruption.
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Seasonal changes of root activity, that is elongation of existing roots and formation of

new ones, also provide a means of characterizing shifts in physiological condition of seedlings.
Several studies (4,8,9,18,22) indicate a general pattern for Douglas-fir. Activity of roots rises

steadily from September to a peak during the period from January to March and is followed

by a rapid decline to the September level. Adverse effects of lifting are pronounced when
regenerative capacity of roots is low, and conversely, unfavorable influence of lifting is not
pronounced when regenerative capacity of roots is at a peak.

Root-growth Capacity
The alarming rate of mortality in Californian plantations established with fall-lifted

ponderosa pine provided the impetus in the early 1950's for E. C. Stone and his coworkers at
the University of California to launch extensive investigations of root regeneration and its
implications for lifting, storing, and planting of nursery stock. Summarizing nearly two
decades of work on this problem, Stone (15) pointed out that seasonal variation in
root-growth capacity is more complicated than his initial studies indicated. Root-growth
capacity does not necessarily peak at the same time each year. Nursery climate has a major
impact on root-growth capacity, and thus that capacity peaks at different times in different
nurseries. Consequently, one nursery may produce almost every year seedlings whose period of
high root capacity is out of phase with the planting environment. Another may produce plants

out of phase in some years, but not in others, and still another may rarely, if ever, produce
trees out of phase with the planting environment.

Stone has shown that root capacity may be increased, decreased, or unaffected by cold
storage. The determining factor is the time the seedlings are placed in cold storage relative to
the occurrence of the peak in root-growth capacity (Figure 1-a). The practical significance of
this relation is that cold storage can extend the period when seedlings with acceptable
root-growth capacities can be supplied beyond the time when root-growth capacity peaks,
provided the critical relation between time of lifting and cold storage is recognized.
Root-growth capacity of seedlings available on any specific planting date can be shown by
plotting the root-growth capacity of both freshly lifted and stored seedlings against the date
they are tested in the greenhouse (Figure 1-b). Stone advocates that seedlings should be graded
according to their predicted root-growth capacities and suggests a root-growth capacity of at
least 80 cm.

Stone's procedure (15) for determining root-regeneration potential is a useful measure of
physiological quality of planting stock and permits development of time schedules for "safe"
lifting. Root-regeneration potential does not explain the physiological basis of the low capacity
for root regeneration in fall or the cause underlying the sensitivity to lifting during deep
dormancy.

Delay of lifting until a "safe" date will limit planting operations to winter and spring in
much of western North America. Such restrictions often cause problems for the conduct of
nursery and planting operations. A thorough understanding of the mechanisms responsible for
the shift through the different stages of dormancy should provide us with a handle to
manipulation of the dormant period and thus to removal of restrictions in the time of lifting
and planting.

PHYSIOLOGY OF DORMANT DOUGLAS-FIR

As a step toward this objective, studies were initiated at Oregon State University in the
early 1960's to gain knowledge of physiological mechanisms basic to the behavior of dormant
Douglas-fir seedlings.
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Figure 1. (a) The influence of cold storage on the root-growth capacity of seedlings lifted at
different times of the year. (b) The use of cold storage to extend the time seedlings with high
root-growth capacities are available for planting. Stock grown at the Ben Lomond nursery,
California (15).

Growth Regulators
A likely explanation for the adverse effect of early fall lifting is that physical disturbance

during the mid-rest phase of dormancy results in a severe delay in the normal sequence of
concentrations of growth regulators. Objectives and findings of the initial sets of experiments
(10,11) to test the validity of the above hypothesis can be summarized as follows:

The first set of experiments was designed to identify the seedling tissues that are the sites
of growth-regulator synthesis during the dormancy period. The results indicated that buds are
the major sites of synthesis of growth-regulatory material; the growth stimulatory substance(s)
produced by active buds are not translocated to dormant buds; and root growth is independent
of shoot activity.
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The second set of experiments was conducted to ascertain whether application of
growth-regulatory materials to apices of decapitated seedlings could change the regulatory
system for the plant as a whole. These materials, indoleacetic acid and gibberellic acid, did not
affect the activity of the roots or buds, except in the period of transition from mid-rest to
after-rest. The effect of indoleacetic acid in this period of transition provides a clue to the
manner in which the growth-regulatory system may work. In the fall, buds may contain such

an accumulation of inhibitors that meristems cannot be activated even with the application of
exogenous growth promoters. At the end of mid-rest, the biological activity of inhibitors seems
to diminish, but synthesis of intrinsic auxin is not sufficient to stimulate the growth of lateral
meristems as much as does the application of exogenous indoleacetic acid. During this period,
also, the effect of long photoperiods in stimulating bud activity first begins to lessen, and the
foliage appears to export materials that may stimulate buds. In after-rest, concentrations of
inhibitors in the buds probably are much reduced and the production of auxin increased to a
level where addition of exogenous auxin fails to stimulate meristematic activity.

The third set of experiments was designed to measure the effects of girdling, defoliation,
and debudding of seedlings, together with applications of indoleacetic acid and gibberellic acid.
Results indicate that the activity of seedling root systems, although apparently independent of
measurable shoot growth is, in fact, absolutely dependent upon materials exported from the
shoot.

Douglas-fir has a low capacity for root regeneration in fall and, therefore, fall-lifted trees
may spend many weeks without active root tips (9,18). Root tips have been identified as the
source of cytokinins, plant hormones that participate in the regulation of the protein
metabolism in the shoot (7). Lack of these regulators for a protracted period may cause a
decline in the foliage, which in turn will be unable to export materials necessary for root
initiation and growth in the early spring. A fourth set of experiments was designed to
determine whether removal of active root tips in the course of lifting would lead to such a
situation.

Results of these experiments (12) indicate that removal of active root tips is not a prime
cause of subsequent seedling decline. Storage of intact trees lifted in October resulted in

almost 100 percent mortality, as compared to 20 percent for those plants with active root tips
pruned but planted immediately after lifting. Spraying foliage or roots of seedlings with
cytokinins did not reduce seedling mortality. Neither could presence of kinin-like compounds
be demonstrated in active root tips. The possibility exists that failure to detect such
compounds, in spite of the fact that thousands of root tips were tested, may have been caused
by faulty technique. More likely, deficiency of cytokinins is not responsible for reduced vigor
of seedlings.

Temperature
A particularly puzzling question is why cold storage is so damaging to fall-lifted plants.

Preliminary investigations (Lavender and Zaerr, unpublished) of this problem in Douglas-fir
indicated that either storage temperature or lack of a daily photoperiod during the storage
period might be responsible for reduced seedling vigor after cold storage. Subsequent
experiments (Lavender, unpublished) were designed to further explore these leads.

Seedlings usually are stored at about 35 F, a temperature commonly below that
experienced by roots and shoots in fall. One experiment was conducted to determine whether
gradual reduction of storage temperatures would be less harmful to plants. Seedlings were
lifted in October, placed in polythene bags and stored upright in the dark at temperatures of
57, 46, and 35 F for 6 weeks. Some lots were kept at the same temperature during the entire
storage period, and other lots were transferred at various intervals from the higher to the lower
temperatures. After storage, seedlings were planted and grown for 6 weeks at constant 70 F
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with a 12-hour photoperiod. The final results showed that seedlings stored at a constant 35 F
temperature were the most vigorous, and those stored at higher temperatures had lost much of
their foliage.

Photoperiod
Another experiment consisted of lifting seedlings in early October, early January, and late

February. They were stored under 4 different kinds of conditions. Roots and shoots were kept
at about 35 F, or roots at about 57 F and shoots at 35 F. Half of the seedlings in the warm and
cold root storage received a 9-hour photoperiod, the rest were kept in dark. After 6 weeks of
storage, seedlings were transferred to a growth room and grown for 6 weeks at 70 F and a
12-hour photoperiod before harvest. Both the daily photoperiod and warm storage of roots
had a beneficial effect upon subsequent seedling vigor of October-lifted seedlings. Trees lifted
in January and February benefited also, though to a lesser degree, from a daily photoperiod
during storage. These trees broke their buds more rapidly than those stored in darkness. This
may indicate increased survival potential for outplanted seedlings, because speed of budburst
was shown to be the only seedling characteristic related to survival under drought conditions in
a recent study at Oregon State University. Plants lifted in January and February, however,
were not benefited by warm storage of roots. Indeed, this treatment somewhat reduced the
vigor of seedlings.

A third experiment concerned with both the effects of removal of active root tips at time
of lifting and a daily photoperiod during storage demonstrated again a beneficial effect of
illumination during storage.

These findings suggest that the damaging effect of cold storage on fall-lifted seedlings can
be reduced greatly by maintenance of a daily photoperiod. Evidence has accumulated in the
course of the experiments discussed here that light and temperature play rather complex and
often changing roles during the dormancy cycle of Douglas-fir. Douglas-fir requires a chilling
period to shift from mid-rest to after-rest. The chilling effect is mediated through the shoot.
Chilling the roots, but not the shoots, does not result in strong root growth. If seedlings are
not exposed to a short photoperiod immediately before or during a "chilling regime," low
temperatures will have an adverse effect on seedling vigor. Photosynthetic measurements
(Lavender and Zaerr, unpublished) on 2-0 Douglas-fir seedlings through the period September-
May reflect this phenomenon in that both weight increment and photosynthetic capacity for
"long-day" seedlings are reduced with increasing exposure to low temperatures compared to
"short-day" plants.

Moisture Conditions in Storage
So far, we have not mentioned anything about moisture conditions during storage.

Determinations of moisture content of freshly lifted and stored seedlings in some of our earlier
work (5) indicated that critical levels of moisture change with date of lifting. Recent studies
with a pressure bomb showed that freshly lifted seedlings from late November to mid-March
were under one atmosphere of stress. This value did not change when seedlings were
cold-stored 6 weeks in a closed box. If cold-stored in an open bundle for the same period,
stress reached 15-17 atmospheres in a few instances, but remained in most bundles below 10
atmospheres. The interesting aspect of it is that these values bore no relation to survival after
outplanting; that is, it did not matter whether seedlings were stored in an open bundle or a
closed box (Zaerr, unpublished).

CONCLUSIONS

Lifting and storage of seedlings are the final steps of their production in nurseries. Quality
of planting stock is influenced greatly by the scheduling of these operations. We have made
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sufficient progress in the last decade to prevent serious mistakes with the timing of lifting and

cold storage. Our knowledge of what prepares a seedling best for survival in the field, however,

is still incomplete and much work remains to be done. That includes further study of the
dormancy cycle of coniferous seedlings and of the complex interactions between light,
temperature, and growth regulators. A detailed knowledge of these relations is essential as a

basis for assessment of improvement of the physiological quality of seedlings.
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