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ABSTRACT

Transplanting shock of bareroot conifer seedlings is a condition of distress
from injuries, depletion of energy reserves, and impaired functions; a process
of recovery; and a process of adaptation to a new environment. Some degree of
transplanting stress is unavoidable, even when stock with high performance
potential is planted in a favorable environment, but the degree and duration
of stress can be minimized. Pre-plant handling and exposure and post-plant
drought aggravate transplanting shock. New root growth into surrounding
undisturbed soil 1is critically important to renew the root-to-soil contact
necessary for efficient water and nutrient absorption and to alleviate plant
water stress. Root growth 1is very sensitive to plant moisture stress. The
severity and duration of transplanting shock depend on the interactions of
seedling performance potential and site environment. If transplanting shock
is protracted, reserve carbohydrates may be exhausted before replenishment
from photosynthesis, and the seedlings will starve to death. Minimizing
transplant shock involves prescribing appropriate quality planting stock
conditioned to resist stress, preserving seedling performance potential to the
planting site, preparing a favorable planting site environment, and planting
the seedlings properly.

Additional keywords: Planting stock quality, performance potential, stress
physiology, field performance, seedling establishment.

INTRODUCTION

Many foresters view transplanting shock as a "black box" that outplanted
seedlings enter and survivors exit. It is actually quite explainable. The
severity of stress, the duration, and the outcome depend on a number of
interacting factors. Some degree of transplanting stress 1is unavoidable, even
under ideal planting conditions. The dictionary' defines "shock"™ as: (1) a
blow, impact, collision, or violent shake or jar; (2) a sudden agitation of
the mental or emotional sensibilities; and (3) a state of profound depression
of the vital processes resulting from wounds, hemorrhage, crushing injuries,
bTows, etc. These definitions may seem amusing and exaggerated when applied
to seedlings, but they describe transplanting shock surprisingly well
(aTthough a bit anthropomorphically).

This paper describes the processes involved in the development and progression
of transplanting shock in bareroot conifer seedlings and discusses how it can
be minimized. After you understand the principal processes involved, you will
be impressed with the seedlings' inherent ability to overcome such stressful
setbacks, and how we can help Tessen the impacts and speed recovery.

"Webster's New Collegiate Dictionary. 1959. G and C Merriam Co.,
Springfield, MA, USA.
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TERMINOLOGY

There 1is surprisingly little literature on the specific subject of
transplanting shock, and existing definitions do not clearly describe the
condition. Smith and walters (1963) used the term "planting check" to refer
to loss of height increment directly attributable to outplanting disturbance.
Fraser (1933) distinguished between "initial check" (unsatisfactory growth
lasting 1 or 2 years after planting) and "secondary check" (developing only
after some years of satisfactory growth). Sutton (1968) used the term "check"
to refer to a set of symptoms indicating severe growth constraint within newly
outplanted conifers. The term "transplanting stress" is often used (e.g.
Sands 1984) to describe the mostly water-stressed condition of seedlings after
outplanting. A more encompassing term is needed because the transplanting
shock scenario includes: 1) recovery from disruptive impacts, 2) recovery
from plant moisture stress, 3) replacement of roots and stored carbohydrates,
and 4) adaptation to a new environment. The concept of transplanting shock 1is
complex because all the processes in the scenario occur simultaneously and

i nteract among themselves and with the environment. I suggest the following
definition: transplanting shock is a condition of distress from injuries,
depletion of energy reserves, and impaired functions; a process of recovery;
and a process of adaptation to a new environment. Other terms frequently used
in this paper are defined as follows: planting stock gquality is the degree to
which stock realizes the objectives of management at minimum cost. . .quality
is fitness for purpose (Willen and Sutton 1980); performance potential is the
growth potential of a seedling at the time of planting (Sutton 1982); and
field performance is the realized performance under existing site conditions.
A distinction should be made between root growth potential and performance
potential. Root growth potential (RGP) is an estimate of seedling
physiological vigor, expressed as the ability to grow new roots in a favorable
environment, and is commonly evaluated at the time stock is shipped from the
nursery. Performance potential, on the other hand, 1is the growth potential
that is contained in the planted seedling. Field performance, then, is
performance potential minus site constraints, i.e. the amount of performance
that is actually realized (Sutton 1982).

A review of dormancy and cold hardiness terminology is also pertinent to this
paper; see Rietveld (1987) in this proceedings.

THE TRANSPLANTING SHOCK SCENARIO

The transplanting shock scenario (fig. 1) begins when seedlings are Tifted.
Generally, seedling performance potential goes downhill from there. Some

performance potential is Tlost in nearly every step -- 1lifting, processing,
storing, transporting, field handling, field storage, and planting -- up to
the time the outplanted seedlings are finally reunited with the soil. The

i nteractions of seedling performance potential and site environment determine
the severity and duration of transplanting shock. The survivors of
transplanting shock are established seedlings. The occurrence of rapid shoot
elongation is a signal that transplanting shock has ended, and the seedlings
are free to grow at a rate determined by the environment. Each stage and the
key factors that affect it will be covered in separate sections of this paper.

One of the best ways to explain how a seedling passes through transplanting
shock is to relate it to the following human situation:
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A person working in a job with good pay, few concerns, and a good savings
account suddenly becomes unemployed and must relocate. The new Tocation
offers some good job prospects and good growth potential, but those seem
unimportant compared to the immediate concern -- survival. To survive in
this more hostile environment, he must quickly overcome the traumas from
being suddenly uprooted and relocated, sustain himself, and adapt to
Tiving under Tess than ideal conditions. The situation could be worsened
by physical abuse during the move and aggressive coworkers in the new
location. Success depends on his recovering quickly, surmounting the
obstacles, and asserting his ability to perform. There is no welfare, so
if he runs out of food or water, he dies. on the other hand, if he
succeeds, his wealth increases in direct proportion with his performance
and the constraints of his job.

Following a similar scenario, a seedling first grows in a nursery, then is
1ifted, processed, and outplanted in a new Tocation. To survive transplanting
shock, the seedling must: (1) recover from the injuries and stresses
resulting from 1ifting and handling, (2) grow new roots to avoid plant
moisture stress, (3) continue maintenance and growth respiration, and (4)
adapt physiologically to a more hostile environment -- and do all that before
stored carbohydrates run out. Promptness is important because the obstacles
and depletion of reserve carbohydrates compound with time, and the probability
of either extended stress or death increases. If stored carbohydrates are
exhausted, the seedling Titerally starves to death. A successful seedling is
able to avoid plant moisture stress and produce sufficient new photosynthate
to support root and shoot growth and restore carbohydrate reserves. Once a
seedling has survived transplanting shock, subsequent performance is governed
by its growth potential and constraints of the site. In the following
sections, I will discuss the principal factors contributing to each stage of
the scenario.

PLANTING STOCK - SEEDLING CHARACTERISTICS AND CONDITION

The final product of nursery culture - planting stock - is a composite of the
influences of weather during the culture period, a well as nursery cultural
practices, resulting in specific morphological and physiological attributes
shown in the following tabulation:
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A\ detailed discussion of the effects of nursery culture on the quality of
planting stock is beyond the scope of this paper; see Duryea 1985 and Duryea
and Landis 1984 for specific information. In this paper | will focus on the
quality attributes of finished planting stock that play key roles in initial
seedling performance. Dozens of morphological and physiological factors
contribute to the quality and performance potential of planting stock (Duryea
1985), and an aberrant level of any one factor could jeopardize field
performance. Assuming that all planting stock attributes are adequate, the
attributes that relate most to the degree of transplanting shock are seedling
size, shoot:root ratio, root fibrosity, carbohydrate reserves, dormancy, cold
hardiness, stress resistance, and root growth potential. The latter four
factors are closely interdependent, as will be explained shortly.

Seedling Morphological Factors

Seedling diameter is probably the best overall predictor of subsequent
survival and growth (Thompson 1985). Several other morphological attributes
are also related to performance, but are either harder to measure (e.g. dry
weight) or more variable (e.g. height). These factors are also highly related
to diameter. Beyond a certain seedling size, survival declines as diameter
increases, presumably because of the larger seedlings' Tack of balance.

Shoot:root ratio corrected for seedling size is another good indicator of
survival potential (Thompson 1985). Shoot:root ratio increases as seedling
height increases (Ledig and Perry 1970). By plotting seedling shoot:root
ratio against seedling height for data from several wrenching studies reported
in the Titerature, Thompson (1985) found that the "acceptable" shoot:root
ratio increases as seedling height increases.

Seedling root fibrosity is closely related to seedling size and shoot:root
ratio, and plays an important role in sustaining the seedling until new root
growth occurs (Carlson 1986). Seedling hydraulic conductivity is directly
related to root system size, i.e. seedlings with larger root systems absorb
more water. After new root growth, the relation is even stronger because new
roots extract soil moisture more efficiently than suberized roots, and larger
root systems have more sites for root growth and tend to produce more new
roots (Carlson 1986).

Although the size and shape of the plant do not guarantee performance,
optimizing seedling size, balance, and root system fibrosity can contribute
significantly to reducing the intensity and duration of transplanting stress.

Seedling Physiological Factors

Survival and growth of transplanted bareroot seedlings are critically
dependent on the seedlings' ability to resist stresses and grow new roots.
Root growth potential is a particularly important attribute of planting stock
quality because it integrates numerous morphological and physiological factors
i nto a single biologically meaningful estimate of performance -- the ability
of seedlings to grow new roots. Basically, if there is anything
physiologically wrong with a seedling, it will show up as a decrease in the
ability to produce new roots in a favorable environment.



The effectiveness of RGP as an estimate of seedling performance potential, and
i ts relationship with field survival and growth are well documented in the
scientific literature (Feret and Kreh 1985, Larsen et al. 1986, Ritchie and
Dunlap 1980, Ritchie 1985). In addition to measuring the ability of seedlings
to grow new roots, RGP may also estimate seedling hardiness. Periods of high
RGP apparently coincide with periods of high cold hardiness and stress
resistance (Richie 1986, Ritchie and Shula 1984, Tinus et al. 1986). Thus,
when we measure RGP, we may also be obtaining an estimate of the relative
stress resistance of the seedlings.

Factors that affect the development and/or maintenance of root growth
potential include genetics, seedbed density, fertilization, shoot pruning,
undercutting and wrenching, soil moisture management, dormancy and cold
hardiness status at lifting, and storage conditions and length (Rietveld
1987). Cultural treatments may increase root fibrosity, increase stored
carbohydrates, or speed dormancy and hardiness development, and thus

i ndirectly increase RGP.

There has been some debate over the relation of stored carbohydrates to RGP.
The conclusion seems to be that while root activity may require carbohydrates,
the Tevel of food reserves does not alone control root growth (zaerr and
Lavender 1974). Ritchie (1982) found that the Tevels of RGP and stored

carbohydrates varied independently during overwinter storage of Douglas-fir
seedlings.

Evidence is accumulating that the pattern of RGP in planting stock is closely
related to its dormancy and cold hardiness status. The following general
pattern is interpreted from research reports on Douglas-fir: RGP rises after
deep dormancy has been attained, intensifies in winter coincident with the
accumulation of chilling hours and release of dormancy, peaks with the
fulfillment of the chilling requirement and the development of maximum cold
hardiness, and falls abruptly at approximately the time of bud break and
concurrent loss of cold hardiness (Ritchie and Dunlap 1980, Richie 1986, Stone
et al. 1963, Tinus et al. 1986). The actual pattern of RGP can vary widely
depending on species and seed zone, weather, and nursery (Jenkinson 1980).
For a review of the interrelations among dormancy, cold hardiness, stress
resistance, 1lifting time, and RGP, see Rietveld (1987) 1in this proceedings.

AGGRAVATORS OF TRANSPLANTING SHOCK

Two factors that aggravate the natural stresses that constitute transplanting
shock are: (1) pre-plant handling and exposure, and (2) post-plant drought.
These factors are always detrimental to some degree, and they intensify and/or
prolong transplanting shock. Although it is nearly impossible to eliminate
these factors, their effects can be minimized.

Pre-plant Handling and Exposure

During lifting, grading, storing, shipping, and field handling, seedlings may
| ose many of their fine roots and may be exposed to damaging root drying,

| eading to severe internal water deficits even before they are planted. The
principal causal factors are loss of fine roots, exposure, physical damage,
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handling, heat stress, and improper planting. By its very nature, the process
of bare-rooting seedlings will entail some degree of root Tloss, exposure, and
handling. But most of the component factors are controllable, and their
influence can be minimized through proper care and handling.

Exposure of roots of bareroot seedlings results in delayed bud burst, reduced
survival, and reduced growth (Feret et al. 1985, Hermann 1967, Mullin 1974).
In addition Hermann (1967) found that exposure of roots was much more damaging
to Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco.) seedlings Tifted 1in
November or March and those that had been cool-stored. Seedlings Tifted 1in
midwinter and not stored were Teast affected. Feret et al. (1985) found that
each 10 minutes of root exposure diminished first-year survival of loblolly
pine seedlings 6.97, and 35 minutes of root exposure decreased RGP 507.

Mullin (1974) found that fourth-and fifth-year survival of red pine (Pinus
resinosa Lit.) and white spruce (Picea glauca (moench) voss) seedlings root
exposed for 1 hour was decreased 347 and 397, respectively. The potential
severity of any period of exposure will depend on the timing and nature of the
1ifting practice, the environmental conditions, seedling size, species, and
physiological state of the plants. Any amount of seedling desiccation should
be considered detrimental and should be minimized if seedling performance
potential is to be maintained at the planting site.

Physical damage includes the loss of fine roots and any damage to the
seedlings caused by rough handling. Most root Tosses occur during Tifting and
grading, but fine roots may be lost at any stage of handling. Fine roots are
important for water absorption and carbohydrate storage, and care should be
exercised to retain them.

The simple act of handling seedlings can retard their growth. New Zealand
nurserymen found a surprising increase in growth of monterey pine (Pinus
radiata p. bon) seedlings moved directly from the nursery bed to the field
(Tinus 1980). Tabbush (1986) recently reported that dropping bundles of sitka
spruce (Picea sitchensis (Bong.) cCarr.) and Douglas-fir seedlings from a
height of 3 meters to a hard floor severely depressed seedling root growth
potential, ectomycorrhizal development, and predawn water potential. Growth
was temporarily sTlowed, not permanently stopped. These responses to handling
are similar to the physiological responses to mechanical stimuli reported by
Jaffe (1980), which he calls thigmomorphogenesis. The mechanical stimulus
apparently causes the production of "stress metabolites"™ that interact with
ethylene to produce the growth retardation, usually shortening and thickening
of the stem (Takahashi and Jaffe 1984).

Seedlings in exposed packing bags may accumulate heat from two sources,
radiation from the sun and release from accelerated respiration (DeYoe et al.
1986). Allowing moist planting stock to heat up inside bags or boxes is a
good way to convert perfectly good planting stock to ensilage. when the
temperature of seedlings in package rises above 40°F for longer than a few
hours, the risk to seedlings is increased because of respiratory expenditure
of food reserves (Ritchie 1982), potential for mold, initiation of stress
metaboTlism (Haard 1983), and loss of cold hardiness (Levitt 1980). DeYoe et
al. (1986) found that covering packaged seedlings with Mylar tarps maintains

i nternal temperature at approximately the same Tevel as that of seedlings
stored in the shade. This is a very temporary measure; planting stock should
be kept in cool storage, and no more than 1 day's supply should be kept on the
planting site.
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Post-plant Drought

The occurrence of drought (lack of precipitation) immediately after
outplanting is a common event over which we have no control, and the degree of
drying is influenced by the presence of competing vegetation, over which we
have some control. The transplanted seedling usually develops some degree of
plant moisture stress because of the inability of the planted root system to
keep up with water losses. Post-plant drought intensifies that condition.
Stoneham and Thoday (1985) found that the effects of preplant root exposure
and post-plant drought on shoot growth were additive and strongly affected by
Tifting and planting dates. Late winter 1ifting and planting conferred an
advantage because the seedlings were more dormant and stress tolerant, and
prolonged the time available for root regeneration.

DEVELOPMENT OF TRANSPLANTING SHOCK

Some degree of transplanting shock 1is unavoidable because seedlings have been
barerooted and outplanted into a different, usually less favorable
environment. Seedling recovery and adaptation involve several interactive
concurrent processes. The intensity of these processes is governed by a Targe
number of variables, which contributes to the complexity. These processes are
discussed separately in the following sections.

New Root Growth

Seedling survival and growth are critically dependent on new root growth
because new roots are necessary to: 1) re-establish the root-to-soil contact,
2) absorb water and nutrients, 3) avoid plant moisture stress, and 4) produce
phytohormones to support new growth. Sands (1984) described the mechanism of
transplanting stress: 1) an air gap is present at the root-soil interface; 2)
this presents a high resistance to liquid water flow, even in wet soil because
water must move to the roots in the vapor phase, which is very inefficient;
and 3) recovery from such stress occurs in direct proportion to the rate that
new roots grow into the surrounding soil and have good root-soil contact.
Carkett (1982, cited by Stoneham and Thoday 1985) found that seedlings given
even a short period in soil at field capacity were far more resistant to
subsequent desiccation by drought conditions than seedlings planted into dry
soil. Apparently regeneration of a few new roots is much better than no new
root growth. Transplanted dormant seedlings have mostly suberized roots,
which are much less efficient in water and nutrient uptake than unsuberized
(new) roots. Chung and Kramer (1975) found that water absorption by loblolly
pine (Pinus taeda L..) seedlings through suberized roots was only 11%o of uptake
through unsuberized roots. Before new root growth, root system size and the
degree of root/soil contact determine the potential for water uptake, but
after new root growth, the potential for water uptake is proportional to the
number of new roots produced (Carlson 1986). This suggests that nursery
practices that favor the production of seedlings with high root volume and

high RGP will maximize both water uptake and sites for new root growth after
transplanting.



Soil Temperatures

Soil temperature has a dramatic influence on root growth. Root growth of most
species 1is minimal at soil temperatures below 10°C (Carlson 1986, Nambiar et
al. 1979) and 1is optimal between 18 and 25°C (Ritchie and Dunlap 1980).
Species, seed sources, and families vary in their minimum and optimum
temperatures for root growth (Carlson 1986, Nambiar et al. 1979, Dewald and
Feret 1985). Thus, when seedlings are planted early in the spring, new root
growth is often delayed until soil temperature rises to a favorable Tevel.
Several patterns of spring soil warming may occur: (1) loosened and exposed
mineral soil results in earlier warming than undisturbed or mulched soil, (2)
wet soils are slow to warm, (3) south and west slopes warm faster than north
and east slopes, (4) without precipitation, soils warm faster as they dry, and
(5) warm spring rains both warm and moisten the soil. Thus the period of
favorable soil temperatures (and moisture) for root growth, before shoot
growth begins, may vary greatly in time, duration, and Tocation.

Plant Moisture Stress

A "catch-22" factor in the transplanting shock scenario is plant moisture
stress because of its profound effects on root growth. As discussed above,
new root growth into surrounding soil to reestablish an intimate root/soil
contact is extremely important if seedlings are to avoid plant moisture stress
and to establish quickly. However, even low levels of stress severely retard
the ability of plants to regenerate roots. Thus, new root growth is needed to
avoid plant moisture stress, but if plant moisture stress develops, the
seedlings cannot grow new roots. Transplanting stress is intensified and/or
prolonged until adequate moisture becomes available. Day and MacGillivray
(1975) found that RGP of white spruce seedlings was significantly reduced 1in
soil at -0.6 bar, and was non-existent at soil matric potentials below-1.5
bars. Similarly, Larson and whitmore (1970) observed excellent RGP expression
of transplanted red oak (Quercus rubra L.) seedlings at -0.3 bar (field
capacity), substantially reduced root growth at -2.0 bars, and virtually no
root growth at -6.0 bars.

Rapid production of abscisic acid (ABA) is a common response to moisture
stress in higher plants. It is thought that stomatal closure in response to
rising plant moisture stress is mediated by a rise in endogenous ABA | evel
(Quarrie 1983). Drought resistant varieties of corn, sorghum, and millet
produce larger amounts of ABA during stress than nonresistant varieties
(Larque’'-Saavedra and Wain 1976, Hewnson et al. 1981). Roberts and Dumbroff
(1986) found that ABA content of jack pine, black spruce (Picea mariana

(Mill.) BSP), and white spruce shoots increased during a period of drought as
water potentials decreased. The increase in ABA Tlevels was closely associated
with a decrease in rates of transpiration. The three species differed in
their basal ABA Tevels, the proportional increase during drought, and the rate
of return to prestress levels. Thus, a rise in ABA level in conifers may be a
controlling factor in stomatal closure, thereby contributing to the
conservation of a seedling's water supply during periods of drought.
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Carbohydrate Reserves

Seedlings depend on reserve carbohydrates from the time they are Tifted until
photosynthesis in outplanted seedlings is sufficient to meet the demands of
growth and respiration. Carbohydrates are the stored fuel and respiration is
the process whereby the fuel 1is converted to energy for maintenance and
growth. Maintenance respiration continues in seedlings overwintering outside
or in storage, so the normal trend is a gradual consumption of stored
carbohydrates (Marshall 1985, Rietveld et al. 1983, Ritchie 1982, 1987). The
depletion rate during storage depends on seedling physiological condition when
they entered storage, storage temperature, and storage duration. Storage
temperatures within the range of -2 to +5°C are most beneficial to chilling
and maintenance of stored carbohydrates.

After planting, carbohydrates are consumed at an accelerated rate because of
higher temperatures and demands from growth processes. Carbohydrate reserves
may be reduced to critically low levels by the time photosynthesis exceeds
respiration in the spring. The goal is to maximize carbohydrate reserves in
1ifted seedlings, preserve carbohydrates during storage, and minimize
unnecessary losses during shipping and handling, so that adequate carbohydrate
reserves remain to sustain the seedlings through the period of transplanting
shock. If carbohydrate reserves are too low at time of planting to sustain
the seedling until photosynthesis begins, or if transplant shock is severe and
prolonged, the seedlings will Titerally run out of energy and starve to death.

As stored carbohydrates are consumed, many fine roots are lost (Marshall
1986), which results in impaired water uptake, buildup of plant moisture
stress, and retarded new root growth. Elevated respiration from heat stress
may further increase the consumption of carbohydrates (DeYyoe et al. 1986).
Fine root mortality appears to be more related to the inability of roots to
continue to respire (Marshall 1986) than to drought or heat stress. When
stored carbohydrates in fine roots are depleted, maintenance respiration can
no longer continue, and the roots die.

Under relatively favorable planting site conditions the amount of new root
growth in transplanted conifers 1is primarily dependent on currently
assimilated photosynthates (van den Diessche 1987). As conditions become less
favorable, the level of stored carbohydrates becomes more important to
production of new roots (Marshall 1985, van den Driessche 1987). This assumes
that the seedlings have been adequately preconditioned (chilled) to produce
new roots (Krugmann and Stone 1966). There is evidence that disruption of the
phgotosynthetic apparatus from frosts and storage may delay photosynthesis
after transplanting (McCracken 1978). Thus it may be several weeks before
photosynthesis exceeds respiration requirements for maintenance and growth and
a positive carbon balance is achieved. The impTlication is that there may be
an additional period of heavy demand on carbohydrate reserves to support
higher Tevels of maintenance and growth respiration before photosynthesis can
supply these needs.

Once root growth has been triggered and is proceeding in a favorable
environment, its rate seems to come under the influence of an internal
carbohydrate source-sink regime. Before budbreak, roots are the major
metabolic sink in the plant and are actively drawing upon currently
assimilated carbohydrates. Resumption of shoot growth is accompanied by a
rapid decline in root growth, suggesting a sink strength reversal favoring the
shoot.
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The net amount of photosynthate available for root growth depends on Tight
intensity, soil moisture, temperature, nutrition, and competition from shoot
growth. In general, mild moisture stress has a greater effect on growth than
on photosynthesis, so carbohydrates will tend to build up during mild moisture
stress (Hsiao 1973).

Factor Interactions

The severity and duration of transplanting shock will depend on the

i nteractions of seedling performance potential and environmental factors.
Early planting is desirable from the standpoint of maximizing seedling
performance potential, i.e. the ability of seedlings to resist stresses and
grow new roots. Initially low soil temperatures may limit water absorption
and root growth, so planting too early may result in dehydration and further
depletion before root growth can occur. Feret et al. (1986) suggested that
the reason for inconsistent correlation between RGP and survival in some
experiments is that low soil temperatures may inhibit new root growth for
several weeks, allowing RGP to decline before conditions become favorable.

Seedlings with a Tow shoot:root ratio, high root fibrosity, and good root/soil
contact are more capable of extracting soil moisture and avoiding plant
moisture stress under conditions of soil drying. Relatively little is known
about the relation between seedling dormancy/cold hardiness status and the
ability to tolerate stresses after planting. Larsen et al. (1986) found that
lobTlo1ly pine seedlings with a high proportion of quiescent buds had higher
RGP and better survival than seedlings with dormant buds. To some extent,
early planted seedlings are being "stored" in the field, but the conditions
are less than ideal because of the difference between air and soil
temperatures.

Seedlings planted late may have Tower RGP and are more Tikely to be confronted
with higher air temperatures, higher evaporative demand, more competition from
other vegetation, a higher possibility of post-planting drought, and
competition with shoot growth for available substrates. The fate of these
seedlings depends on sustained adequate soil moisture. If soil moisture
remains high, the seedlings may survive well and grow modestly; but if soil
moisture becomes 1limiting, the seedlings are vulnerable to severe stress and
may die.

Ideally, seedlings with high performance potential should be in place before
the optimum period for root growth so that their potential can be realized,
and plant moisture stress can be kept to a minimum. In reality, we are forced
to work within the constraints of weather and the size of the planting
operation, which usually means that all seedlings are not planted at the ideal
time.

ESTABLISHMENT

A newly planted seedling has a diminished and dysfunctional root system that
provides access to only a limited volume of soil, and thus 1is highly
vulnerable to soil drying. The ability of seedlings to become established
depends on their ability to expand their root system into the surrounding soil
to obtain adequate water and nutrients (Sands 1984, Sands and Nambiar 1984).



The rate at which this occurs depends on a number of seedling and
environmental factors. Seedling establishment can be separated into three
phases (Carlson 1986): 1) postplanting but pre-root-elongation, 2) rapid root
development, and 3) rapid shoot elongation and leaf area expansion (fig. 2).

Successful passage through the first phase is directly related to seedling
stress resistance, i.e. the capacity of the seedling to maintain performance
potential, avoid stresses, and minimize depletion until conditions are
favorable for growth. Seedlings depend on the planted root system to extract
water and nutrients from the soil. Plant moisture stress will build up if
water Tosses significantly exceed uptake. Seedlings with a Targer root system
in relation to shoot size are better able to balance water absorption with
water Toss and avoid plant moisture stress during this phase. water and
nutrient uptake are reduced at low soil temperatures because of the increased
viscosity of water.

Passage through the second phase depends on the successful completion of phase
one, on expression of seedling performance potential, and on environmental
constraints. As the air and soil warm, the progress of establishment becomes
increasingly dependent on new root growth and avoidance of the retarding
effects of plant moisture stress. The rate of progression of phase two will
vary with air and soil temperatures, soil moisture availability, and
photosynthetic rate. If plant and environmental conditions are favorable, the
seedling will grow new roots into the surrounding soil and quickly move
through phase two. Success in promptly growing new roots into the surrounding
soil (reducing the Tikelihood of plant moisture stress) followed by the
replacement of lost roots and carbohydrates seem to be the key to successful
estabTishment.

Entry into the rapid shoot elongation phase is a signal that the seedling has
become successfully established. Although survival is more at issue in phases
one and two, seedling growth rate is the dependent variable in phase three.

The time span of the three phases may be weeks under favorable conditions or
months or years under unfavorable conditions. The possible interactions of
seedling performance potential and site constraints, and their projected
outcomes are listed in fig. 3. Planting stock with high performance
potential, combined with good site preparation, will result in prompt and
consistent establishment in most years. Stock with high performance potential
planted on poorly prepared sites may give acceptable but inconsistent survival
and fair to good growth. Planting stock with low performance potential may
survive and grow sluggishly (the seedlings that do survive may grow well) on
well prepared sites in favorable years, but will fail under more difficult
site and weather conditions.

MINIMIZING TRANSPLANT SHOCK

There are five ways to approach the task of minimizing transplanting shock:

1) prescribe planting stock of appropriate quality, 2) condition stock in the
nursery to increase stress resistance, 3) preserve performance potential from

lifting to planting, 4) prepare a favorable planting site environment, and

5) plant the seedlings properly. To keep the cost of planting stock and site

preparation within reasonable limits and still obtain successful plantations,

the emphasis has been to match planting stock quality and site preparation to
i ndividual situations, with the goals of completely stocking and realizing the
full growing potential of each site.
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Prescribe Planting Stock of Appropriate Quality

The accepted definition of planting stock quality ("fitness for purpose

the degree to which stock realizes the objectives of management at minimum
cost") (Ssutton 1979), defines a reflexive condition, i.e., if the stock
prescribed exactly met our performance standards (no more, no less), than we
conclude that stock quality was 100%. If performance expectations were not
attained or were exceeded, then planting stock quality was less than or more
than 100%. For example, if our performance standards require a minimum of 85%
survival in 9 out of 10 plantations and trees averaging 1 m in height at the
end of the second growing season, then we would prescribe a specific stock
type for each individual site that we expect will attain that objective. if
our expected performance was exceeded on the average, we would cut back on the
quality of the planting stock prescribed, and presumably cost. Similarly, we
would prescribe a higher stock quality if our performance objectives were not
being met on the average. Note that regeneration success can also be improved
by increasing performance potential of the existing stock through prudent care
and handling. More often than not, performance expectations are not being met
and a higher grade of planting stock is warranted. If field performance is
highly inconsistent, then it may be necessary to add a "safety factor" to the
quality of the planting stock prescribed. A1l other factors being adequate,
key quality factors that increase seedling performance potential include:
moderate size (25-30 cm shoot), large root system in relation to shoot size,
large stem caliper, high nutrient and carbohydrate concentrations, and high
RGP. Standards, and the ability to attain them, will vary for different
species. One of the best ways to obtain the desired attributes is to reduce
seedbed density (Carlson 1986).

Condition Seedlings to Increase Stress Resistance

various cultural treatments have been tried to increase stress resistance, but
few have been consistently successful, mainly because there 1is a lack of
information on the physiology and Tongevity of such treatments. Although
transplanting is a common practice in Ontario nurseries, it is rarely done 1in
the U.S because of its expense. For some species, wrenching has been found to
be an effective cultural treatment to reduce excessive shoot growth, increase
root fibrosity, and increase stress resistance (Bacon and Bachelard 1978, Rook
1969), but results have been variable for other species (Tanaka et al. 1976,
van den Driessche 1983). Blake (1983) found that cold storage, but not
root-pruning, was effective in pre-conditioning white spruce stomata to reduce
water Toss when water was Timiting. Abod and Sandi (1983) found that
restricted watering before Tifting Caribbean pine (Pinus caribaea var
hondurensis (Morelet) Loock.) seedlings was the most effective way to
precondition them to survive bareroot planting. Hennessey and Dougherty
(1984) found that Toblolly pine seedlings that were moderately water-stressed
in Tate summer showed a better degree of osmotic adjustment, a capacity for
greater turgor maintenance over a range of water potentials, and significantly
greater root regeneration the following spring compared to unstressed
seedlings.



It is important to note that conditioning treatments that stress the seedlings
should not be starvation nursery practices. Conditioning treatments should be
combined with adequate fertilization, so that the conditioned seedlings also
have good mineral nutrient status (Duryea and McClain 1984). Fall
fertilization may be a successful method to increase seedling nitrogen
concentration without interfering with dormancy induction and deepening.
Margolis and waring (1986) found that outplanted Douglas-fir seedlings that
had been fertilized with nitrogen in October broke buds 9 to 10 days earlier,
produced more shoot growth, and had higher relative growth rates than
unfertilized seedlings.

Lifting seedlings and planting them when cold hardiness and stress resistance
are greatest appears to be an effective approach to minimizing transplanting
shock (Jenkinson and Nelson 1984, Ritchie et al. 1985, Stoneham and Thoday
1985). However, for many species in northern nurseries, it is not possible to
1ift and plant seedlings in midwinter when cold hardiness and stress
resistance are greatest. The alternatives, fall 1ifting and overwinter
storage and Tlate winter 1lifting and temporary storage, involve many variables
and tradeoffs. Research needs to be concentrated on the interrelations among
dormancy, cold hardiness, stress resistance, and storage, and how these
factors may be optimized or manipulated to increase seedling performance
potential. Jenkinson (1980) has developed time windows for Tifting several
major species and specific seed sources at individual nurseries. Lifting
seedlings outside these windows results 1in reduced survival and growth, and
possibly plantation failure. weyerhauser Company' has led the way 1in

growing seedlings by family (seed collected from a clone in a seed orchard),
observing growth response to cultural treatments, and grouping families with
similar growth into "response groups". Cultural treatments are then tailored
to each "response group" to grow seedlings to desired specifications.

Physiological responses to drought stress may be moderated by mycorrhizal
associations. Inoculation of planting stock with ectomycorrhizae appears to
be most important in clearcuts where the population of host plants is not
adequate to maintain fungal populations, on trees growing in poor soils, and
in environments where seedlings must establish quickly to survive (Perry et
al. 1987). Ectomycorrhizae may be beneficial under droughty conditions by
providing some resistance to soil water deficits and improving phosphorus
absorption (Parke et al. 1983). Because maximal stress resistance is needed
immediately after outplanting, ectomycorrhizae need to be well adapted to the
planting site environment and in place at the time of planting if their
benefits are to be realized. Research is needed to determine the extent to
which ectomycorrhizal colonization of planting stock can be exploited to

i ncrease the drought tolerance of planted seedlings.

One approach to explore further is the utilization of species, seed source,
and family differences in seedling root growth potential and drought
resistance to improve reforestation success. Some genetic strains of a
species possess inherently greater innate levels of RGP (Dewald and Feret
1985, Jenkinson 1980, Larsen and Boyer 1986), and more capable of

growing roots at Tower soil temperatures (Carlson 1986, Nambiar et al. 1979),
or are more drought tolerant because of their morphology or phenology (white
1987), or possess mechanisms to maintain growth at lower water potentials

'Personal communication with Dr. William C. Carlson, Tree
Physiologist, Weyerhauser Co., Southern Forestry Center, Hot Springs, AR
71902
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(Newton et al. 1985). Although we may not always think of it this way,
choosing the proper species to plant on a given site is the most powerful
genetic method we now have of managing moisture stress. For example, jack
pine (Pinus banksiana Lamb.) avoids drought better than red pine because it
can maintain a higher needle water potential through drying cycles (Pereira
and Kozlowski 1977). Thus, jack pine is a better choice for droughty sites
than red pine. Selection or breeding for root growth at lower temperatures or
maintenance of growth at lower soil matric potentials would contribute
significantly to planting stock quality and performance potential. Because 80
to 907 of the variation in tree growth is attributable to drought stress
(zahner 1968), the potential gains from breeding trees for drought resistance
are enormous.

Preserve Seedling Performance Potential from Lifting to Planting

The principal factors that result in Toss of performance potential include
root exposure, handling, storage conditions and length, shipping, temporary
storage in the field, and planting. The effects of storage on RGP and
carbohydrate reserves are perhaps the most complex. For the most part, all
these factors have the net effect of Tosing fine roots and reducing levels of
RGP and stored carbohydrates. Storage may actually extend dormancy and RGP
(Ritchie 1986, carlson 1985). This is an area that deserves more monitoring
and research to determine the extent of the Tosses and how much they can be
minimized. The goal should be to identify and utilize the best practices to
preserve the quality of the seedlings that nurserymen have labored hard to
produce.

Prepare a Favorable Planting Site Environment

Site preparation practices, and success, differ greatly by region and agency.
Site alterations include removing competing vegetation, loosening the soil,
and incorporating surface organic materials. The benefits are increased
availability of soil moisture for the tree seedlings, reduced soil compaction,
i mproved soil aeration, reduced resistance to root penetration, earlier
warming of the soil (Hansen et al. 1984), increased light, and reduced pest
populations'. These are the manageable aspects of the planting site
environment. We have no control over weather, and only partial control over
pests. To a very large extent, site preparation is actually moisture
management, i.e. assuming there is a limited amount of soil moisture available
on the site and excluding evaporative losses, the site preparation
prescription amounts to a decision of how much of the available moisture will
be reserved for the planted seedlings, and how much will be given up to
competing vegetation. To some extent, higher grade stock will compensate for
i ncomplete site preparation and vice-versa, but to obtain consistent success
the planting stock quality and site preparation need to be matched.

Plant the Seedlings Properly

Planting quality is measured in terms of returning the seedlings to the soil

i n as near the natural position as possible. Seedlings may be planted
slightly deeper than the root collar, with the roots spread out and in good
contact with the surrounding soil. Quality planting involves making sure the
planting stock is well cared for and not planted into dry soil.
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