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Preface

The Container Tree Nursery Manual consists of seven volumes
that have all been published under the same series number:
USDA Agriculture Handbook 674. Writing began in the late
1980s, with the first volume published in 1989. Subsequent
volumes were published at increasingly longer intervals
with the seventh and last volume taking over 10 years to
complete (fig. 1). 

Each volume contains chapters on closely related subjects
concerning the production of trees and other native plants
in containers. The volumes can be accumulated and used
as a complete nursery manual, or they can be used sepa-
rately by specialists needing information on a particular
subject. Because several subjects must be discussed in
more than one volume, there will be some redundancy in
the manual. Such repetition is justified, however, because
most readers will be using the manual as a technical ref-
erence and will not be reading the entire text.

The Container Tree Nursery Manual has been functionally
organized to follow the normal sequence of nursery
development, seedling propagation, and outplanting.
Volume one discusses the various steps that should be fol-
lowed in developing a nursery facility. Volume two is
concerned with the selection of types of containers and
growing media. Volume three and volume four analyze
the “limiting factors” that affect seedling growth and dis-
cuss how they can be manipulated in container nurseries.
Volume five examines the various biological organisms

that can affect seedlings, either negatively as pests or pos-
itively as mycorrhizae. Volume six shows how to develop
growing schedules and how seedlings are propagated
through the three growth phases. Volume seven covers the
time from when the crop is hardened-off and ready for
harvest to when they go in the ground.

The seven volumes are structured around an outline of nu-
merical organizational headings that enable the reader to lo-
cate a specific subject quickly, without referring to an index.
The general outline of volume and chapter titles is as follows:

Volume One—Nursery Planning, Development, and 
Management

Chapter 1 Initial Planning and Feasibility Assessment
Chapter 2 Site Selection
Chapter 3 Nursery Design and Site Layout
Chapter 4 Environmental Control and Safety Equipment
Chapter 5 Service Buildings and Equipment
Chapter 6 Nursery Management
Chapter 7 Troubleshooting Nursery Problems

Volume Two—Containers and Growing Media
Chapter 1 Containers: Types and Functions
Chapter 2 Growing Media

Volume Three—Atmospheric Environment
Chapter 1 Temperature
Chapter 2 Humidity
Chapter 3 Light
Chapter 4 Carbon Dioxide

Volume Four—Seedling Nutrition and Irrigation
Chapter 1 Mineral Nutrition and Fertilization
Chapter 2 Irrigation and Water Management

Volume Five—The Biological Component: Nursery Pests
and Mycorrhizae

Chapter 1 Disease and Pest Management
Chapter 2 Mycorrhizae

Volume Six—Seedling Propagation
Chapter 1 Crop Planning
Chapter 2 Seed Propagation
Chapter 3 Vegetative Propagation
Chapter 4 Seedling Development: The Establishment,

Rapid Growth, and Hardening Phases
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Figure 1—Years required to write each volume of Agriculture
Handbook 674.



Volume Seven—Seedling Processing, Storage,
and Outplanting

Chapter 1 The Target Plant Concept 
Chapter 2 Assessing Plant Quality 
Chapter 3 Harvesting
Chapter 4 Plant Storage
Chapter 5 Handling and Shipping
Chapter 6 Outplanting

This manual is based on the best current knowledge of
container nursery management and should be used as a
general reference. Recommendations were made using
the best information available at the time and are, there-
fore, subject to revision as more knowledge becomes
available. Much of the information in this manual was
primarily developed from information on growing western
and southern conifer seedlings in the United States.
Because of the wide variation in individual species
responses, container nursery managers will need to adapt
these principles and procedures to their own crop
requirements. There is no substitute for individual experi-
ence, and recommended cultural practices should be test-
ed before being implemented on an operational scale.

Trade names are used throughout the manual, but only to
provide examples, and no endorsement by USDA of 
specific products, or exclusion of equally suitable products,
is implied. The mention of specific pesticides is intended
only for general information and should not be construed
as an endorsement. Because of frequent changes in pesti-
cide registration and labeling, the reader should check
with local authorities to make sure that an intended use is
both safe and legal. Remember that pesticides can be
harmful to humans, domestic animals, desirable plants,
and fish or other wildlife if they are not handled or
applied properly. Use all pesticides selectively and care-
fully, following the label directions. Follow recommended
practices for the disposal of surplus pesticides and pesti-
cide containers.
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The basic ideas behind the Target Plant Concept can be
traced back to the late 1970s and early 1980s when new
insights into seedling physiology were radically changing
nursery management. Forestry researchers began analyz-
ing the effects of nursery cultural practices on outplanting
performance and, as a consequence, foresters gave more
thought to their reforestation prescriptions and began ask-
ing for new and different stocktypes (fig. 7.1.1). By 1990,
the term target plant had become well established in
nursery and reforestation jargon. In that year, the Target
Seedling Symposium brought together foresters and nurs-
ery workers to discuss all aspects of the target plant, and
the resultant proceedings are still a major source of infor-
mation on the subject (Rose and others 1990).

One basic tenet of the Target Plant Concept is that plant
quality is determined by outplanting performance (Landis
2002). Although they might be the same species, forest
and conservation plants are very different from ornamen-
tal nursery stock. For example, Douglas-fir (Psuedotsuga
menziesii) seedlings outplanted in relatively harsh forest
environments will have different requirements from those
outplanted in city parks or Christmas tree plantations.
These differences are pivotal to the Target Plant Concept
because plant quality depends on how the plants will be
used—”fitness for purpose” (Sutton 1980). This means that
plant quality cannot be merely described at the nursery; it
must also be proven on the outplanting site. There is no
such thing as an “all-purpose” plant because nice-looking
plants at the nursery will not survive and grow well on 
all sites.

When defining a target plant for a particular project, 
economics and management objectives must be also 
considered. When different size classes of slash pine
(Pinus elliottii var. elliottii) were outplanted and then
measured after 4 years, seedlings with larger stem diam-
eters had better survival and growth than the standard
“shippable” nursery stock. An economic analysis proved
that these larger plants were the best investment (South
and Mitchell 1999).

Figure 7.1.1—The “Target Plant Concept” developed 
as foresters and other plant users began to work more
closely with nurseries to develop stocktypes for specific
outplanting projects.

7.1.1 Introduction



A target plant is one that has been cultured to survive 
and grow on a specific outplanting site, and that can be 
defined in six sequential components (fig 7.1.2).

7.1.2.1 Objectives of the outplanting project

The reasons why nursery stock is needed will have a criti-
cal influence on the characteristics of the target plant. In 
traditional reforestation, a commercially valuable tree 
species that has been genetically improved for fast  
growth, good form, or desirable wood quality may be 
outplanted with the ultimate objective of producing saw 
logs or pulp.

The target plant for a restoration project, however, might 
be radically different because the objectives are totally 
different. For example, a watershed protection project 
would require riparian trees and shrubs and wetland 
plants that will not be harvested for any commercial 
product. In this case, the objectives would include stop- 
ping erosion, stabilizing the stream bank, and ultimately 
restoring a functional plant community. Fire restoration 
projects will have different objectives depending on the 
plant community type and the ultimate use of the land. 
Project objectives for a burned rangeland might be to stop 
soil erosion, replace exotic weed species with native 
plants, and establish browse plants for deer or elk. Target 
plants for such a project might include a direct seeding of 
native grass and forbs, followed by an outplanting of 
woody shrub nursery stock. For a burned forest, however, 
the plant materials might be native grass seeds to stop 
erosion and then outplanting of tree seedlings to bring the  
land back to full productivity as soon as possible. Another 
project might be to restore plants that are in danger of 
going extinct in a particular habitat. For example, Short’s 

7.1.2 Defining the Target Plant
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Figure 7.1.2—The six components of the Target Plant Concept.

goldenrod (Solidago shortii) is an endangered plant that 
can be found only in 14 populations in a small geographic 
area in Kentucky (Baskin and others 2000). Fortunately, 
this plant is relatively easy to propagate from seeds and 
grows well in greenhouses.

Conservation planting projects can have still different 
objectives. Although native plants are emphasized whenever 
and wherever possible, exotic species may be required on 
extreme sites. In dry areas of the Intermountain West, 
where no native trees for upland sites are available, species 
such as Austrian pine (Pinus nigra) and Siberian elm (Ulmus 
pumila) are used to create windbreaks for home or livestock 
protection. Project objectives are a critical first consideration 
in the target plant concept.

7.1.2.2 Type of plant material

The second consideration in the Target Plant Concept is 
what types of plant material would be best (fig. 7.1.2). 
Plant materials refer to anything that can be used to propa-
gate a species; these propagules can be seeds, bulbs or  
rhizomes, cuttings, or seedlings (Landis 2001). In contain-
er nurseries, plant material usually means the species and 
the stocktype.

Species. The species is determined by the project objectives 
that were discussed in the previous section. For example, 
Douglas-fir is one of the most important timber species in 
the Pacific Northwest and is therefore a major crop in local 
forest nurseries. Douglas-fir has been outplanted extensive-
ly for the past century, often in monocultures. In coastal 
areas of Oregon and Washington, these pure stands have 
recently become severely infected with Swiss needle cast 
caused by the fungus Phaeocryptopus gaeumannii. One 
silvicultural recommendation is to interplant with other 
conifers, especially western hemlock (Tsuga heterophylla), 
to reduce the impact of this disease (Filip and others 2000). 
In the Southeastern United States, the demand for longleaf 
pine (Pinus palustris) has increased tremendously in recent 
years and, for this species, container stock has proven to 
survive and grow better than bareroot stock (Barnett 2002).

Stock type. Container nurseries are currently produce a wide 
variety of stocktypes, including seedlings, transplants, and 
rooted cuttings. Although biological factors should be the 
primary consideration, the choice of container stocktype is
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Table 7.1.1—Container seedling selling price is primarily a function of nursery production space 

Type of container Cell volume Number of cells per       Price per 

cm3 in3 m2 ft2 1,000 seedlings ($)* 

Styroblock™ 1 207A 8 1.1 2,121 196 100 

Styroblock™ 2A 211A 41 2.5 1,032 103 190 

Styroblock™ 5.5 315B 90 5.5 756 71 276 

Styroblock™ 10 415D 160 9.8 364 34 576 

Styroblock™ 15 515A 250 15.3 284 26 755 

Styroblock™ 20 615A 336 20.5 213 20 980 

* Arbitrarily set price, U.S. dollars, 2007.
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container plants are
gaining in popularity
(A), but outplanting
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determine which sizes
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Eight years after out-
planting, spruce
seedlings in containers
that were 340 cm3 (20
in3) in volume were
the best choice on
sites with heavy vege-
tative competition in
Quebec (B).

A B

primarily defined by price and preference. Experienced nurs-
ery customers consider the cost per surviving plant when
deciding on stocktype and other target seedling factors.

Selling Price—Although the cost of containers and grow-
ing media are important, the price of container stock is

basically a function of nursery production space. A unit
area of greenhouse bench space costs a fixed amount, so
the prices of the various container sizes increase as their
cell densities decrease (table 7.1.1). Actual selling prices
for each container size are set by market factors, especially
demand and effects of competition. 
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Customer Preference—The demand for container types
has changed considerably over the past 25 years, and one
trend is to larger volumes. For example, in the 1970s, one
Oregon nursery typically produced container stock of 33
to 66 cm3 (2 to 4 in3), whereas, by year 2000 they were
growing all their seedlings in 246 to 328 cm3 (15 to 20
in3) containers (fig. 7.1.3A). This preference for larger
stocktypes has led to the practice of container transplanti-
ng, where seedlings are started in small “miniplugs” in
greenhouses and then transplanted to larger containers
grown in outdoor compounds. 

One reason for larger container stocktypes to be in greater
demand is because of increased vegetative competition
on the outplanting site. Other factors being equal, plants
grown in larger containers have larger caliper and a better
shoot-to-root ratio, which gives them an advantage on
sites with heavy competition. Environmental concerns in
Quebec have led to a prohibition of herbicide use for site
preparation. The standard stock size for black spruce
(Picea mariana) and white spruce (Picea glauca) on these
sites was 110 cm3 (7 in3), and, therefore, research trials
were established to test a range of larger container sizes
(Jobidon and others 2003). When measured 8 years after
outplanting (fig. 7.1.3B), seedlings in the 340 cm3 (20 in3)
containers were found to be the best and most economi-
cal stocktype in the absence of herbicides.

Customer preferences are also evidenced by regional
trends in container type. It is cost prohibitive for a nursery
to test all types of containers, so they typically use what-
ever is locally popular. Styroblock™ containers were
developed in British Columbia and continue to be the
most popular container type in the Pacific Northwest (Van
Eerden 2002). In the Northeastern United States and
Canada, however, hard plastic Ropak® Multi-Pots were
the most popular container type and now are being
replaced by Jiffy® cells (White 2003). 

7.1.2.3 Genetic considerations

The third consideration of the Target Plant Concept 
concerns the question of genetics. Three factors should
be considered: local adaptation, genetic diversity, and
sexual diversity.

Local adaptation. Many native plants can be propagated
by seeds collected on or near the project area. “Seed
source” is an idea familiar to all forest nursery managers
and reforestation specialists who know that, because plants
are adapted to local conditions, seeds should always be
collected within the local “seed zone.” Container nurseries
grow plants by seed zone, which is a three-dimensional
geographic area that is relatively similar in climate and soil
type (see Volume Six, Section 6.2.1.2). Local adaptation is
not always considered in ornamental nurseries. For exam-
ple, both native plant nurseries and ornamental nurseries
grow Douglas-fir seedlings but the former distinguish
between ecotypes (for example, variety glauca) and orna-
mental nurseries offer different cultivars (for example,
‘Carneflix Weeping’) (Landis 2001).

Seed source affects plant performance in several ways, espe-
cially growth rate and cold tolerance. In general, plants
grown from seeds collected from higher latitudes or eleva-
tions will grow more slowly and tend to be more cold hardy
during winter than those grown from seeds collected from
lower elevations or more southern latitudes (St. Clair and
Johnson 2003). Seed zone research has not been done on
many native plants, but it is intuitive that the same concepts
should apply. Therefore, it would be prudent to always col-
lect seeds or cuttings from the same geographic zone and
elevation in which the nursery stock is to be outplanted.
With the increasing concern about global climate change,
there are likely to be adjustments in seed transfer guidelines
with the strategic goal of encouraging gradual adaptation
based on the latest research (Millar and others 2007).

Genetic diversity. Target plants should also represent the
genetic diversity present on the outplanting site. Again,
future climate change should be considered, especially
for long-lived tree species. To maximize genetic diversity
in the resultant seedlings, seeds should be collected from
as many different plants as possible. The same principles
apply to plants that must be propagated vegetatively.
Cuttings must be collected near the outplanting site to
make sure they are properly adapted. Of course, collect-
ing costs must be kept within reason, so the number of
seeds or cuttings collected must be a compromise.
Guinon (1993) provides an excellent discussion of all fac-
tors involved in preserving biodiversity when collecting
seeds or cuttings, and suggests collecting from at least 50
to 100 donor plants. 
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Figure 7.1.4—The choice of whether to propagate by seeds or cuttings will affect the genetic diversity of the resultant crop.
With dioecious plants, such as willows and cottonwoods, the sex of the parent plant must also be considered to make sure
that the outplanting contains a mixture of both males and females (modified from Landis and others 2003).

Sexual diversity. Dioecious plants, such as Salix and
Populus, present another consideration, because all
progeny produced by vegetative propagation will have
the same sex as their parent (fig. 7.1.4). Therefore, when
collecting cuttings at the project site, care must be taken
to ensure that both male and female plants are approxi-
mately represented. Willows, cottonwoods, and aspen
are sexually precocious so another option is to collect
sexually mature cuttings from a broad genetic base that
represents  both sexes and root them in a nursery. Within
1 to 2 years the cuttings will flower and produce seeds.
The seeds can then be sown into containers and the
resultant seedlings will have a broad genetic and sexual
diversity (Landis and others 2003).

7.1.2.4 Limiting factors on the outplanting site 

The fourth consideration of the Target Plant Concept is
based on the ecological “principle of limiting factors,”
which states that any biological process will be limited by
that factor present in the least amount. Each outplanting
site should be evaluated to identify the environmental fac-
tors most limiting to survival and growth (fig. 7.1.5A).
Foresters do this when they write prescriptions for each
harvest unit, specifying which tree species and stocktype
would be most appropriate (fig. 7.1.1). 

On most reforestation sites, soil moisture is the limiting
factor and target plant specifications often reflect this fact.
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At northern latitudes or at high elevation, however, cold soil
temperatures may be more significant than soil moisture.
Access to these sites may be restricted by snow that may
not melt until late June or even July (Faliszewski 1998;
Fredrickson 2003). The melting snow keeps soil tempera-
tures cool and this can be limiting as research has shown
that plant root growth is restricted below 10 °C (50 °F) (fig.
7.1.5B) (Lopushinsky and Max 1990). A reasonable target
plant for these sites could be grown in a relatively short
container to take advantage of warm moist surface soils (fig.
7.1.5C) (Landis 1999), as is the case for high elevation refor-
estation sites in British Columbia (Faliszewski 1998).

Restoration sites pose interesting challenges when evalu-
ating outplanting sites for limiting factors. For example,
after a wildfire, soil conditions are often severely altered,
whereas mining sites have extreme soil pH levels.
Riparian restoration projects require bioengineering struc-
tures to stabilize streambanks and retard soil erosion
before the site can be planted (Hoag and Landis 2001). In
desert restoration, low soil moisture, hot temperatures,
high winds with sand blast, and heavy grazing have been
listed as limiting factors (Bainbridge and others 1992).

Animal predation and snow load can also be limiting fac-
tors on some outplanting sites, especially at high elevations
in the mountains. Container Engelmann spruce (Picea
engelmannii) seedlings of various diameter grades were
outplanted on a mountainous site in northern Utah. After
two seasons, seedlings with larger diameters had signifi-
cantly higher survival than those with smaller ones. Stock
with larger diameters showed less mortality from snow
breakage or rodent depredation (Hines and Long 1986).

One potential limiting factor that deserves special consider-
ation: mycorrhizal fungi. These symbiotic organisms pro-
vide their host plants with many benefits, including better
water and mineral nutrient uptake. Reforestation sites typi-
cally have an adequate complement of mycorrhizal fungi
that quickly colonize outplanted nursery stock, whereas
many restoration sites do not. For example, severe forest
fires or surface mining eliminate all soil microorganisms,
including mycorrhizal fungi. Therefore, plants destined for
such sites should be inoculated with the appropriate fun-
gal symbiont before outplanting. (See Volume Five,
Chapter 2, for a complete discussion of mycorrhizae).

These examples demonstrate why nursery managers
must work closely with plant customers to identify which
environmental factors will be most limiting on each out-
planting site. Through such discussions, specifications for
the best target plant material can be designed to maxi-
mize survival and growth under specific site conditions. 

7.1.2.5 Timing of the outplanting window 

The outplanting window is the period of time in which
environmental conditions on the outplanting site are most
favorable for survival and growth of seedlings or rooted
cuttings. The outplanting window is usually defined by
limiting factors and, as discussed in the previous section,
soil moisture and temperature are the usual constraints. In
most of the continental United States and Canada, nursery
stock is outplanted during the rains of winter or early spring
when soil moisture is high and evapotranspirational losses
are low (fig. 7.1.6). Obviously, the specific dates of the
winter outplanting window will change with latitude and
elevation, being earlier in the south and at low elevations
and later farther north and at higher elevations.

One important advantage of container plants is that they
can be sown at different dates and then cultured to be phys-
iologically conditioned for outplanting during different times
of the year. For the traditional outplanting windows of win-
ter or early spring, plants can be harvested and hot-planted
or cooler-stored for a few weeks until the outplanting site is
ready (fig. 7.1.7A). As mentioned in the previous section,
high elevation or boreal sites are challenging because they
cannot be accessed during the typical midwinter outplanti-
ng window. Outplanting during the fall has been tried for
decades with varying results. In recent years, however, inter-
est in fall outplanting has been renewed, which is primarily
due to the availability of properly conditioned container
stock (Fredrickson 2003). In the Southeastern United States,
the traditional outplanting window for loblolly pine is dur-
ing the winter but container stock can be outplanted in the
fall if hardened with shortened photoperiod in a greenhouse
or exposed to naturally cooler temperatures in an outdoor
compound for 6 weeks (Mexal and others 1979). 

Summer outplanting is a relatively new practice that
developed in the boreal regions of Canada (Revel and
others 1990) and has since found some application at
high elevation sites in the Rocky Mountains (Scott 2006).
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Figure 7.1.5—A key part of the Target Plant Concept is to evaluate which environmental factors may be limiting on the
outplanting site (A). At high elevations and latitudes, spring soil temperatures are cold and research has shown that roots
of many commercial conifers do not grow appreciably below 10 °C (50 °F)(B). Therefore, target plants for these sites
should have a relatively short, compact root system to take advantage of the warmer temperatures in the surface soil layers
(C) (B, modified from Lopushinsky and Max 1990).
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Target plant characteristics are significantly different for
spring versus summer or fall outplanting (Grossnickle and
Folk 2003). Because they are less cold hardy and stress
resistant, plants for summer and fall outplanting must be
handled more carefully during shipping and onsite storage. 

7.1.2.6 Outplanting tools and techniques 

Each outplanting site has an appropriate tool; therefore tools
and outplanting techniques must be considered in the Target
Plant Concept. All too often, foresters or restoration special-
ists develop a preference for a particular implement because
it has worked well in the past. However, no one tool will
work under all site conditions. Although outplanting tools
are discussed in detail in Chapter 7.6, a couple of examples
of how outplanting tools and techniques can affect target
plant specifications are mentioned here.

Soon after development of the first container plants, special
implements were designed to outplant them (Hallman
1993). Dibbles were constructed in the exact same size
and shape as the container plugs and the Pottiputki was
designed to plant paperpot plants (fig. 7.1.8A). Nursery
stock that is outplanted mechanically imposes unique
restrictions because the target plant must conform to the
size and shape of the handling equipment. Plants used in
machine-powered planting equipment must have stem
diameters that fit the holding clips, and root systems must
not be longer than the depth of the furrow. The newest and
most sophisticated machine-powered planting equipment
requires plants of a size and shape that can be pneumati-
cally loaded into planting heads (fig. 7.1.8B). So, where
mechanical planting is used, the size and shape of the tar-
get plant must match the type of outplanting tool as well as
biological conditions on the outplanting site. 

New outplanting tools are continually being developed.
Specially modified hoedads called “plug hoes” are now
available for container stock. Again, nursery managers
must work closely with reforestation or restoration project
managers to make certain that their target plants can be
properly outplanted in the soil conditions on the project
site. The “tall pots” used in many restoration projects
require specialized outplanting equipment. The Expanded
Stinger uses an articulated planting head to place tall-pot
seedlings or cuttings in compacted soil or even rock
(Steinfeld and others 2002) (fig. 7.1.8C). 

Figure 7.1.8—The type of outplanting tool has a signifi-
cant effect on the target plant. Hand-planting tools, such
as the Pottiputki (A), were developed to handle paperpot
seedlings, one specific type of container stock. With
mechanical planting machines (B), plants must be grown
in a particular size and shape to fit the handling system.
The special stocktypes needed for restoration projects
require innovative new outplanting equipment, such as the
Expanded Stinger, which was developed for tall pots (C).

A

B
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Properly applied, the Target Plant Concept is a collaboration
among nursery managers and their customers. At the start of
any planting project, the customer and the nursery manager
should agree on certain morphological and physiological
specifications. This prototype target plant is grown in the
nursery and then verified by outplanting trials that monitor
survival and growth for up to 5 years (fig. 7.1.9). 

Monitoring plant survival and growth during the first few
months after outplanting is critical because problems with
stock quality show up soon after outplanting. Problems
with poor planting or exposure to drought conditions take
longer to appear; plants exhibit good initial survival but
gradually lose vigor and perhaps die. Therefore, plots
must be monitored during the first month or two after out-
planting and again at the end of the first year for initial
survival. Subsequent checks after 3 to 5 years will give a
good indication of plant growth rates. This performance
information is then used to give valuable feedback to the
nursery manager, who can fine-tune the target specifica-
tions for the next crop.

7.1.3 Field Testing the Target Plant

For example, the Oregon State University Nursery
Technology Cooperative is conducting outplanting trials
of 1-year-old stocktypes on two fire restoration sites in
southwestern Oregon (Nursery Technology Cooperative
2005). The Timbered Rock site in the Cascade Mountains
is much drier than the Biscuit site in the Coast Range. In
terms of survival, the Styroblock™ container performed
much better than the transplants at Timber Rock, whereas
little difference was noted on the wetter Biscuit site (table
7.1.2). The container stocktype also grew much better at
both sites, but especially so at Timbered Rock where grass
competition was severe. In fact, the severe moisture stress
caused by the grass resulted in a negative stem growth for
the two transplant stocktypes. After 3 years, however, the
container stocktype exhibited severe chlorosis and slower
growth rates, which demonstrates the need for repeated
monitoring to accurately assess seedling and stocktype
performance.
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Figure 7.1.9—The target plant is
not a fixed concept, but rather
must be continually updated with
information from outplanting trials.

Table 7.1.2—Outplanting performance of Douglas-fir stocktypes on different outplanting sites after one growing season

Stocktype Survival Height growth Stem diameter growth  
(%) (cm) (mm)

Timbered Rock Fire—
Oregon Cascade Mountains

1+1 bareroot transplant 14 c* 4.2 b – 0.6 b  

Q-plug container transplant 39 b 2.6 b – 0.3 b

Styroblock™ container (246 cm3) 87 a 12.0 a 0.8 a 

Biscuit Fire—
Oregon Coastal Mountains

1+1 bareroot transplant 98 a 4.6 b 0.5 b

Q-plug container transplant 98 a 7.0 a 0.5 b

Styroblock™ container (246 cm3) 99 a 7.5 a 1.1 a

* Different letters in each column represent statistical differences at the P = 0.05 level. 
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7.1.4 Summary

The Target Plant Concept is a relatively new but effective
way of looking at reforestation and restoration. It empha-
sizes that plant quality must be defined on the outplanting
site, and that there is not one universal best stocktype. In
particular, the Target Plant Concept emphasizes that suc-
cessful outplanting projects require good communication
between the plant user and the nursery manager. The
Target Plant Concept should be viewed as a circular feed-
back system in which information from the outplanting
site is used to define and refine the best type of plant for
each project. Practical considerations for implementing a
nursery program based on the Target Plant Concept can
be found in Rose and Haase (1995).
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In his prophetic work “Planting the Southern Pines,”
Wakeley (1954) foresaw what we now hold as axiomatic
—restoration, including forestation, can never be entirely
successful until nurseries are able to produce crops of
“high-quality” plants consistently and reliably. But how to
distinguish a high-quality plant from a low-quality one
was not always obvious, so the concept of plant quality
remained obscure for many years. Wakeley also recog-
nized that “morphological grades” often fell short in their
ability to predict performance, and he hypothesized that
“physiological grades” may be a better criterion of viability
(Wakeley 1949). What exactly constituted a physiological
grade, however, and how to measure it, eluded Wakeley
and his contemporaries. 

During the past 30 years, worldwide, nursery researchers
and managers convened numerous workshops and sym-
posia and published many reports on the subject of plant
quality and how to measure it (for example, Colombo
2005; Duryea 1985; Haase 2008). This work generated a
variety of quality tests; although many are ingenious, most
failed to meet expectations. A few, however, stood the test
of time and remain in operational use. In this chapter, we
discuss the most practical ways of measuring plant quality
and how these methods can be used in container nurseries.

7.2.1 Introduction
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7.2.2 Classes of Plant Quality Attributes

Forestry researchers have labored to identify quantifiable
traits that could be used as indicators of plant quality and,
better yet, predictors of performance after outplanting.
Although an impressive list of such attributes has been
assembled (for example, Grossnickle 2000), relatively few
are used operationally in nurseries or on the outplanting
site. In our view, plant quality can be divided into three
broad classes: 

Morphological attributes—These traits can be readily
seen and easily measured, such as stem height, stem (root
collar) diameter, root volume, and root and shoot dry
weight. During the harvesting-to-outplanting process,
these traits do not change appreciably.

Physiological attributes—These traits are not readily visible
and need to be measured with instruments or through
laboratory procedures. In contrast to morphological char-
acteristics, physiological attributes change often and
sometimes dramatically during the harvesting-to-outplant-
ing process. Therefore, any measurement of physiological
quality is a “snapshot,” relevant for only a brief point in
time. Some common physiological attributes include cold
hardiness and bud dormancy. 

Performance attributes—These traits can be assessed only
by subjecting plants to certain predefined testing proto-
cols and observing how they perform. Performance tests
have great value because they assess and integrate a wide
spectrum of morphological and physiological traits at
once. Unfortunately, performance tests are laborious, time
consuming, and therefore expensive. Nevertheless,
because of their intuitive appeal, performance tests have
found wide use in plant quality assessment. One of the
oldest and still most commonly used performance tests is
the root growth potential test.
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7.2.3.1 Introduction

Most nursery stock produced in the United States, Canada,
and Europe during the 1970s was bareroot, and so most
seedling morphology literature focuses on bareroot
stocktypes (Frampton and others 2002; Ritchie and
others 1997). The effects of morphology on performance
of bareroot stock have been summarized in the literature
(Mexal and Landis 1990; Thompson 1985; Wilson and
Jacobs 2006); height, stem diameter, root system “quality”
(volume or mass), and the ratio of the mass of the shoot to
that of the root system are typically the best predictors of
outplanting performance. Survival is best forecast by stem
diameter, while shoot growth tends to be more related to
initial seedling height. With bareroot stock, when stem
diameter increases above about 5 mm (0.2 in.), other
morphological indicators become less important (Mexal
and Landis 1990). In addition, bareroot seedlings with
larger root volumes at the time of outplanting have greater
subsequent growth and survival than those with smaller
root volumes (Rose and others 1997).

7.2.3.2 Morphological characteristics of container
seedlings 

Let’s discuss, in order of importance, the major morpho-
logical factors that describe container stock quality.

Container volume. The most important morphological
factor affecting plant quality in container nurseries is con-
tainer size or volume. Container volume controls the
amount of roots that a plant can produce, which in turn,
determines how large a shoot can be produced in a given
amount of time. In addition, the size of the container
“plug” limits the moisture and mineral nutrient reserves
that will be taken to the outplanting site. Compared with
bareroot stock that has extremely variable root systems, it
is easy to characterize the volume and depth of container
root plugs; most container nursery stock is described by
container volume. For example, in the Northwestern
United States, a “Styro 20” refers to a plant that has been
produced in a Styrofoam™ block container with cells that
are 340 cm3 (20 in3) in volume. 

Container volume is the most important factor controlling
root egress after outplanting (fig. 7.2.1A). As container
volume increases, the amount of exterior surface area of

the root plug also increases (fig. 7.2.1B), which means
that plugs of larger containers have more surface contact
with the surrounding soil. 

Among different container sizes, volume and growing
density have the most significant effect on plant morphol-
ogy (table 7.2.1). In studies with interior spruce (Picea
glauca x engelmanii complex) (Grossnickle 2000);
Douglas-fir, western hemlock (Tsuga heterophylla), and
Sitka spruce (Picea sitchensis) (Arnott and Beddows
1982); black spruce (Picea mariana) (Jobidon and others
1998); and cherrybark oak (Quercus pagoda) (Howell and
Harrington 2004), every morphological trait measured
increased in value as container volume increased. In
every case, container stock with larger root plugs grew
larger after outplanting. 

Because block containers have fixed cell spacing, it is
more difficult to study the effects of changing plant density
at the same cell volume. In contrast, the Ray Leach
Conetainer® system allows cell spacing to be changed,
allowing a few good research trials to be done. Douglas-
fir seedlings grown at densities ranging from 270 to 1,080
plants/m2 (25 to 100/ft2) showed that shoot height
increased with increasing density because of the competi-
tion for light in response to crowding (fig. 7.2.2). Stem
diameter decreased, however, which shows that quality
can be lessened by growing plants too closely together
(Timmis and Tanaka 1976).

Within containers of the same size, stem diameter and
shoot height have proved to be the most important
morphological traits affecting quality and, therefore, are
the two factors most often used in grading specifications
(fig. 7.2.3A). More discussion on measuring height and
stem diameter is provided in Volume One, Section 1.5.4.2. 

Stem diameter (“caliper”). Stem diameter is typically
measured, using a small caliper, at the root collar where
the stem meets the root system. Root-collar diameter, or
stem diameter, is always reported in millimeters. Numerous
studies show that stem diameter is the best predictor of out-
planting performance and, therefore, plant quality. When
Engelmann spruce container seedlings with a range of stem
diameters were outplanted on a high elevation site in Utah,
survival after two growing seasons was strongly correlated
with initial stem diameter (fig. 7.2.3B). This information

7.2.3 Morphological Attributes



22

Figure 7.2.1—Root growth out of the plug
and into the surrounding soil (“egress”) is
critical to plant survival and growth after out-
planting (A). Container volume is important
not only because it determines the amount of
roots that a container plant has, but also
because the surface area of the plug is in
contact with the surrounding soil (B) (A,
modified from Grossnickle 2000). 

Styroblock™ cell volumes

Seedling morphological 105 cm3 170 cm3 340 cm3

attributes (6.6 in3) (10 in3) (20 in3)

Shoot height–cm (in) 24.2 (9.5) 29.7 (11.7) 33.3 (13.1) 
Root-collar diameter–mm 4.4 5.0 6.8 
Shoot dry weight–g (oz) 2.8 (0.10) 4.5 (0.16) 6.4 (0.23)
Root dry weight–g (oz) 1.1 (0.04) 1.4 (0.05) 2.1 (0.07)
Number of branches 18 24 33
Number of buds 50 67 86

* Source: Grossnickle (2000).

Figure 7.2.2—When plants are grown in the
same volume container but at different densi-
ties, shoot height increases with closer spacing
whereas stem diameter decreases (modified
from Timmis and Tanaka 1976).
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Table 7.2.1—Effect of container volume on
seedling morphology of 2-year-old interior
spruce (Picea glauca x Picea engelmannii)*
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was used to develop grading standards; in this case,
seedlings with stem diameters > 2.5 mm were shippable,
whereas smaller ones were not (Hines and Long 1986).
Of course, this relationship varies with conditions on the
outplanting site so standards must be developed for each
species and for different outplanting conditions. 

Shoot height. Height is the distance from the root collar
to the tip of the terminal bud or shoot. It is usually report-
ed in centimeters or millimeters, but in the United States
it is often reported in inches. This results in the peculiar
situation in which plants are characterized using both
English and metric measuring systems; for example, a
plant shoot that is 12 inches high with a 5 mm caliper.
Height is correlated with the number of needles on the
stem and, therefore, is a good estimate of photosynthetic
capacity and transpirational area.

“Rootbound” plugs. The fact that excessive root growth
becomes a quality issue in container plants has been
known for decades but, until recently, no morphological
index or rating system had been developed. Rootbound
nursery stock can be defined as plants that have grown
too large for their container, resulting in severe matting
and tangling of the root system (fig. 7.2.4A). From a
quality standpoint, this condition reduces plant survival
or growth after outplanting (South and Mitchell 2006).
Several studies have related rootbinding to the length of

time that the plant has been in the container. Usually, the
larger the container, the longer it takes for the plant to
become rootbound. But time alone is not really useful,
because root growth is also affected by cultural condi-
tions at the nursery. A species growing rapidly in one
nursery will become rootbound faster than the same
species growing more slowly in another nursery. Similarly,
a species in a large container given large amounts of fer-
tilizer may become rootbound as fast as the same species
in a smaller container given smaller amounts.

When plants are grown in the same volume container,
outplanting survival has been shown to decrease after an
optimum root-collar diameter is exceeded (fig. 7.2.4B).
South and Mitchell (2006) propose a “root-bound index”
based on root-collar diameter divided by container diam-
eter or volume that must be calculated for each container
type. From an operational standpoint, however, establish-
ing a maximum stem diameter along with a visual assess-
ment of root binding might be the most practical culling
system.

Other morphological indices. Several other morphological
criteria, such as biomass, shoot-to-root ratio, sturdiness, and
appearance, have been used to describe plant quality.
Biomass can be determined using volume or dry weight
methods. Shoots and roots are usually measured separate-
ly. Dry weight is determined by cleaning, oven drying,

Figure 7.2.3—Shoot height and stem diameter are the most common grading criteria in container nurseries (A), but stem
diameter has proven to be the best single morphological indicator of seedling quality. When Engelmann spruce (Picea
engelmannii) container stock were outplanted, plants with stem diameters larger than 2.5 mm outperformed smaller ones
after the second year (B) (modified from Hines and Long 1986).
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Figure 7.2.4—Container plants that have grown too long
in the same container become “rootbound” which greatly
reduces their quality (A). For a given species and contain-
er size, an optimum stem diameter exists that can be used
for grading-out rootbound plants; this figure was devel-
oped for longleaf pine (Pinus palustris) (B) (B, modified
from South and Mitchell 2006).

and weighing plants. Volumes are determined using water
displacement (Burdett 1979; Harrington and others 1994).
Shoot-to-root ratio (shoot:root) is the ratio of the dry mass
or volume of the shoot to the dry mass or volume of the
root system and provides an indicator of the “balance” of
the plant. When the shoot:root is “1” the size of the root
mass equals the size of the shoot mass. More often, how-
ever, the ratio is greater than 1 because the shoot often
outweighs the root system. Shoot-to-root ratios less than
2.5 are usually deemed most desirable. A sturdiness ratio
is calculated by dividing shoot height (cm) by diameter
(mm). It attempts to capture the idea of “sturdiness” (low
value) in contrast to “spindliness” (high value). This ratio
has found particular use in container stock, which can
become tall and thin when grown at high densities and/or
under lower lighting conditions. Color, form, and damage
should also be accounted for when evaluating morpho-
logical quality. Foliar color is a general indicator of plant
quality and can vary by species and time of season.
Yellow, brown, or pale-green foliage indicates lower vigor
and/or chlorophyll content than dark green foliage. The
foliage of some species turns purple during winter dor-
mancy, but this is not considered diagnostic (see Section
7.2.5.1). Multiple shoots, stem sweep, root deformity,
physical damage, and any other noticeable characteristics
that can affect plant performance are also important fac-
tors to note when assessing morphological quality. A sin-
gle, but comprehensive study with Italian stone pine
(Pinus pinea) container seedlings measured various mor-
phological characteristics. The best single indicator of
plant quality was the ratio of container depth to stem
diameter, and target plants had a container depth-to-stem
diameter ratio of 4 (Dominguez-Lerena and others 2006). 

7.2.3.3 Effects of container size on outplanting 
performance

The main objective of measuring plant morphological
traits is to predict performance after outplanting—specifi-
cally survival and growth.

So what traits, or combinations of traits, have the greatest
positive effect on plant performance? The conventional
wisdom is that bigger is generally better than smaller. All
other factors being equal, big plants with proportionately
larger stem diameters and root systems normally exhibit
higher survival and greater growth than smaller plants or
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those with poorly developed roots. In general, outplanting
survival is more related to stem diameter, whereas shoot
growth after outplanting depends more on initial plant
height (Arnott and Beddows 1982).

As discussed in Chapter 7.1, survival and growth also
depend strongly on environmental conditions of the out-
planting site. After reviewing the literature on container
size and performance, Grossnickle (2005) concluded that
”large” seedlings performed better than “small” seedlings
on moist sites where vegetative competition was severe.
Conversely, smaller seedlings fared better on sites prone to
water stress. On sites with heavy vegetative competition,
the ability to access and process sunlight strongly deter-
mines survival and growth. Hence taller, branchier seedlings
with a large photosynthetic area have an advantage over
smaller seedlings that tend to become shaded by compet-
ing vegetation. For example, large white spruce (Picea
glauca) seedlings outplanted in a boreal British Columbia
forest were better equipped for competition than were
smaller seedlings (McMinn 1982). Similarly, tall container
seedlings of Douglas-fir, western hemlock, and Sitka spruce
exhibited greater height growth after outplanting on a
coastal British Columbia site than shorter seedlings (Arnott
and Beddows 1982). In a study in Quebec, large spruce
seedlings grew better than did smaller ones on mesic sites
with heavy plant competition (fig. 7.2.5). Larger stock with
thick stems also performs better on sites with animal preda-
tion and heavy snow, as shown with Engelmann spruce
seedlings (Hines and Long 1986). 

Contrast this with an outplanting site where hot and dry
conditions cause high evapotranspirational demand.
Here, the advantage lies with plants that have a relatively
small transpirational surface area relative to a large,
absorptive root system. Under these conditions, nursery
plants with a large shoot and small root system (high
shoot:root) are at a disadvantage because they transpire
faster than they can absorb water from the soil. For these
high-stress sites, specifying larger volume containers at
lower growing densities (wider cell spacing) will produce
plants that have a short shoot and thick stem diameter
(Grossnickle 2005).

Miniplug transplants are a stocktype that results in large
plants in a relatively short time (Landis 2007). Growers
sow miniplugs (approximately 16 cm3 [1 in3] cavity

volume) in a greenhouse during mid-winter and then
transplant them a few months later to larger, wider spaced
containers that are moved to outdoor growing areas or
bareroot nursery beds. These “plug + plug” transplants
have proved to be popular stocktypes for hot and dry
outplanting sites (fig. 7.2.6).

Although much less research has been done on
broadleaved (hardwood) species, the review by Wilson
and Jacobs (2006) notes that, as with conifers, height and
stem diameter are the most frequently used grading crite-
ria for hardwoods, with stem diameter usually providing
the most consistent prediction of field performance. 

7.2.3.4 Morphological attributes: Summary

Shoot height and stem diameter are the most frequently
measured morphological traits and the most common
grading criteria. Morphological attributes are easily
assessed and do not change appreciably during the
harvesting-to-outplanting process. Nearly all morphological
traits reflect container volume and/or growing density;
large container volumes and low growing density pro-
mote development of large stock.

Effects of morphology on performance of container stock
mirror those for bareroot stock: 

• Initial stem diameter tends to be correlated with survival.
• Initial height tends to be correlated with shoot growth.
• Morphological traits can interact. For example, stem

diameter may influence survival in plants with poor
root systems but not in those with good root systems. 

• Larger stock generally performs better than smaller-
stock, but this depends on conditions on the out-
planting site. Tall stock with thick, stiff stems and a
large photosynthetic surface is best for sites with plant
competition, animal predation, or heavy snow loads.
Short stock with thick, stiff stems and extensive root
systems is best for droughty sites.

As discussed earlier, physiological traits of nursery plants
differ significantly from morphological characteristics in
that they are not readily seen, they change often and some-
times dramatically throughout the harvest-to-outplanting
process, and they must be measured with laboratory
equipment.
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Figure 7.2.5—Large black spruce and white spruce con-
tainer stock outperformed smaller plants when measured
8 years after outplanting in southeastern Quebec (mod-
ified from Thiffault 2004).

Figure 7.2.6—For hot and dry outplanting sites, these “Q-plug + one” Jeffrey pine (Pinus jeffreyi) have the ideal morphology
— short stocky shoots (A) with large stem diameters and root mass (B). 
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Most physiologically based quality tests measure only one
plant function, such as cold tolerance, water status, or
photosynthetic efficiency. It is helpful to think of plant
quality in layers: morphological characteristics are the
base layer, whereas physiological traits are the second
layer. A batch of plants may have ideal shoot height and
stem diameter, but these morphological traits alone are
insufficient to guarantee high quality. Physiological tests
are needed to provide a more comprehensive picture.

In the next section, we discuss four tests of physiological
quality: plant moisture stress, cold hardiness, root elec-
trolyte leakage, and chlorophyll fluorescence.



7.2.4.1 Plant moisture stress (PMS)

Plant moisture stress, or PMS, is one of the oldest and
most commonly used tests to measure quality. Its popular-
ity rests on its simplicity and robustness, and the fact that
PMS equipment is relatively inexpensive, intuitive, and
portable. Although PMS measurements are easily made,
their interpretation can be more difficult.

What is PMS? Without a steady supply of good quality
water, plants cease growing and ultimately die. The
amount of water needed to meet the basic metabolic
needs of a plant is quite low. During photosynthesis,
atmospheric carbon dioxide (CO2) diffuses into leaves
through stomata and, once inside the leaf, this CO2 is
converted to sugars. Photosynthesis is, however, a very
“leaky” process because, while CO2 is diffusing into the
leaves, water is diffusing out—this loss of water is called
transpiration. Plants can reduce transpiration by closing
stomata, but this impedes photosynthesis. So, in order to
grow, plants must transpire vast amounts of water. 

Transpiration generates a tension (or “stress”) that due to
water’s high cohesion, is transmitted through vascular tis-
sue from the leaf down through the stem and into the
roots. During daylight, when stomata are open, transpira-
tion typically exceeds the plant’s ability to extract water
from the soil. Therefore, during the day, plants are always
under some degree of water stress. This stress is perfectly
normal and not injurious unless it reaches high levels for
a prolonged period of time. 

In very simple terms, plant moisture stress can be mod-
eled as:

PMS = A – T + S 

where A is the absorption of water from the soil, T is tran-
spirational loss, and S is storage of water in the plant’s
stem and roots, which is negligible in seedlings but
important in large trees. During daylight, T almost always
exceeds A.

Water potential. A more precise way to model the state of
water in plants is the thermodynamic approach, which is
based on water potential and represented by the Greek let-
ter psi (y). The total water potential (yW ) is a measure of

the free energy or chemical potential of water. In plants,
yW is the sum of two component potentials: the pressure
potential (yP), which can be either positive or negative, and
the osmotic potential (yO), which is always negative: 

yW = yP + yO

Potentials are expressed in units of pressure and, although
MegaPascals (MPa) are the official SI units, bars are most
commonly used by nursery and reforestation personnel. By
definition, the yW of pure water at standard temperature
and pressure is 0 bars, or 0 MPa. yP and yO are continually
changing as transpiration and osmosis cause water to move
across membranes, in and out of cells, and up the transpi-
ration stream. 

The components of water potential have different properties
depending on where the water is located within the plant
tissues. Water is contained within cell membranes as part of
the symplast and outside cell membranes as part of the
apoplast. In the apoplast, water is nearly always under
hydrostatic tension from transpirational pull, so pressure
potential (yP) is always negative (table 7.2.2). In the sym-
plast, however, yP is normally positive owing to the inward
turgor pressure that cell membranes and walls exert on cell
contents. The exception would be for a cell that has lost all
turgor (wilted), in which case yP = 0. This is often called the
“zero turgor point,” which is discussed below. The osmotic
component (yO) is normally near 0 in the apoplast where-
as, in the symplast, yO is always negative owing to effects
of dissolved solutes (ions) in the cells (table 7.2.2). These
component potentials are continually changing as water
moves across cell membranes due to osmosis or up
through the plant due to transpiration. Because yW is the
sum of these two components, it is almost always nega-
tive and the plant is almost always under some level of
water deficit, or stress.

The interplay of these component potentials in the sym-
plast can be visualized with a Höfler diagram (fig. 7.2.7).
The X-axis is the water content of the cell expressed as a
percentage of full turgor. The Y-axis gives the component
potentials. At full hydration (A in figure 7.2.7), plants are
turgid and the positive turgor pressure of cell walls (yP)
balances the negative osmotic potential (yO) of cell con-
tents. At this point, yW = 0 MPa. As cells lose water, yP

falls and the concentration of solutes in cells increases.
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Table 7.2.2—Properties of component water potentials in
the symplast and apoplast

Component potential Apoplast Symplast
(outside cells) (inside cells) 

Pressure potential (yP) Always negative Generally positive 
Zero when wilted 

Osmotic potential (yO) Generally slightly Always negative 
negative

Water potential (yW) Always negative Variable

Figure 7.2.7—The interrelationships between plant water
potential (yW) and its components, osmotic potential
(yO) and pressure potential (yP), change over the range
of plant water contents from turgidity (A) to the perma-
nent wilting point (PWP) (C) (modified from Ritchie
1984b).

This drives yO down, so yW also falls. When yP reaches
0 MPa (B in figure 7.2.7), cells collapse and plants wilt.
The value of yW at which this occurs is known as the
“zero turgor point” or, as it is more commonly known,
the “permanent wilting point” (C in figure 7.2.7).

Units of water potential. Thermodynamic water potential
terminology (Slatyer 1967) has sometimes been trouble-
some for growers because negative values are hard to
visualize and tricky to manipulate algebraically. For this
reason, water potential is often expressed as a positive
value and is called “Plant Moisture Stress” (PMS). These
values can be easily converted because –1.0 MPa equals
10 bars. This relationship and some examples are shown
in table 7.2.3. For example, a PMS value of 10 bars
indicates a “moderate” level of stress and is equivalent
to yW of –1.0 MPa. From a theoretical standpoint, how-
ever, thermodynamic terminology is useful because it is
consistent through the soil-plant-atmosphere continuum
(fig. 7.2.8). 

Diurnal patterns of plant water potential. As already
mentioned, yW is dynamic and this affects its usefulness
as an index of plant quality. Consider, for example, a con-
tainer plant whose growing medium is at field capacity
with water. During daylight, while stomata are open, low
humidity (high vapor pressure deficit) draws moisture
from the leaves. This creates an imbalance between tran-
spiration and water absorption, resulting in the develop-
ment of PMS at midday (yW decreases). During nighttime,
stomata tend to close, relative humidity rises to nearly
100 percent, and transpiration ceases. The negative yW in
the plant pulls water from the soil or growing medium,
thereby relieving the stress. By early the next morning,
pre-dawn yW reaches a dynamic equilibrium with soil
moisture potential (yW = ysoil).

If no water is added to the container, the growing medi-
um dries out, and predawn and midday plant moisture
stress increase daily as ysoil decreases. After a few days,
the plant will close its stomata during midday to retard
transpiration. This can be seen occurring in days 4 and 5
in figure 7.2.9, and results in a moderating of the midday
PMS. ysoil will eventually become so negative that the
plant will be unable to equilibrate during the night.
Throughout this time, the midday stress will continue to
increase. When irrigated, the system will return to the ini-
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tial state shown in day 1 unless the plant has experienced
irreversible damage from the high PMS.

Note that the ability to track moisture stress levels of both
soil and plant in figure 7.2.9 shows the advantage of
using water potential units rather than PMS, which
reflects only plant stress.

Measurement of plant moisture stress. Over the years, as
plant physiologists labored to understand the dynamics of
plant water relations, many attempts were made to devel-
op methods of measuring yW (Lopushinsky 1990). As far
as nursery work goes, the most significant development
was invention of the “Scholander Pressure Chamber”
(Scholander and others 1965), based on an earlier glass
pressure chamber devised by Dixon (1914). Waring and
Cleary (1967) modified the chamber for trees and
seedlings and outlined basic measurement procedures. 

The modern pressure chamber consists of a metal pres-
sure vessel connected to a nitrogen gas source through a
pressure regulator. To measure plant moisture stress, the
stem is cut and inserted through a rubber or compression
gasket. A new model pressure chamber from the PMS
Instrument Company comes equipped with a “rubber
gland” instead of a gasket, which greatly improves the
speed and accuracy of measurements. This is then sealed
into a hole in the chamber lid with the foliage inside the
chamber and the cut stem protruding (fig. 7.2.10).
Nitrogen gas is slowly bled into the chamber while the
cut stem is closely observed. When a droplet of water
appears at the end of the stem, the chamber pressure is
noted. The gas pressure required to force water to the sur-
face is equal to the moisture stress of the plant. For a
detailed theoretical description and procedural guide see
Ritchie and Hinckley (1975).

The pressure chamber is the standard technique used for
measuring PMS in forest nurseries, on outplanting sites, and
in plant research facilities. For example, the Forest Service
J.H. Stone Nursery in Central Point, Oregon, uses pressure
chambers to measure PMS for scheduling bareroot seedling
irrigation and to detect dangerous PMS levels during lifting
and packing operations (J.H. Stone Nursery 1996).

Table 7.2.3—Comparison of units and terms for plant
water potential and plant moisture stress (modified from
Landis and others 1989)

Plant 
water potential

(MPa)

Plant 
moisture stress

(bars)

Relative
 moisture stress 

rating

Relative
moisture
condition

0.0 0.0 Very low

-0.5 5.0 Low

-1.0 10.0 Moderate

-2.0 20.0 High

High

-2.5 25.0 Very high

-1.5 15.0

 Wet

 Dry

Figure 7.2.8—Water is pulled along a gradient of water
potential that is driven by evapotranspiration, from higher
(less negative) levels in the growing medium through the
plant to lower (more negative) levels in the surrounding
air (modified from McDonald and Running 1979).
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Figure 7.2.9—For a plant growing in a nonirrigated con-
tainer, the plant water potential (yW) gradually decreases
as the growing medium (ysoil) dries (modified from
Slatyer 1967).

Pressure chambers and supplies are available from the
following companies:

PMS Instrument Company
1725 Geary Street SE

Albany, OR 97322 USA
Tel: 541-704-2299
Fax: 541-704-2388

E-mail: info@pmsinstrument.com
Web site: http://pmsinstrument.com/

or 

Soil Moisture Equipment Corporation
Santa Barbara, CA

Tel: 805-964-3525 ext. 248
E-mail: alle@soilmoisture.com

Web site:  http://www.soilmoisture.com/

Interpretation of PMS values. PMS measurements are
used extensively in plant physiology and ecological
research because they are robust, easy to obtain, and
their relationship to plant physiology is easy to demon-
strate. For example, when container white spruce was
subjected to extended moisture stress, stomata closed and
photosynthesis ceased abruptly at –2MPa (20 bars) (fig.
7.2.11). Unless this stress is relieved, plant growth will
most certainly be restricted and death may occur.

The relationship between PMS readings and plant quality,
unfortunately, is not always as straightforward as one might
hope. This is partly because PMS, as an estimate of yW,
integrates several variables into one reading and, therefore,
much information is lost. In addition, because the compo-
nents of water potential change seasonally, a given value of
PMS might have a different interpretation if taken in spring
as opposed to winter. For example, figure 7.2.12 shows
how the “zero turgor point” changes seasonally in roots
and stems of Douglas-fir seedlings (Ritchie and Shula
1984). Looking at stem values, a PMS reading of –2.5 MPa
(25 bars) would be a potentially lethal value if taken in
April, because it would be near the zero turgor point. But
the same value, if measured in January, would be of little
concern. On the other hand, root systems with PMS near 
–2.0 MPa (20 bars) would be suspect most of the year.

As illustrated in figure 7.2.9, PMS can vary sharply
throughout the day and from day to day. Daytime PMS

values can fluctuate widely on days with intermittent
sunshine and wind, providing only brief “snapshots” of
PMS that have little diagnostic value. Probably the most
useful PMS value is what is known as “predawn PMS.”
This is the PMS that occurs just before sunrise when yW

is in dynamic equilibrium with ysoil (fig. 7.2.9) and pro-
vides an estimate of the minimum stress the plant might
experience that day. If this minimum value is high, it may
be cause for concern. With the above caveats in mind,
we present some suggested guidelines for interpretation
of predawn PMS measurements as they relate to plant
growth and cultural implications (table 7.2.4). 

Is PMS an indicator of plant quality? As pointed out by
Lopushinsky (1990), the commonly used plant quality
indicators (root growth potential, cold hardiness, stress
resistance, and dormancy intensity) are not correlated
with PMS. Therefore, PMS cannot be used as a proxy
indicator of any of these. So, can PMS alone be a useful
indicator of quality? 

In our opinion, PMS reflects quality only when stress is
moderately high and sustained for several days. For exam-
ple, nursery stock with predawn PMS values in the range
of –1.5 to –2.5 MPa (15 to 25 bar) range is under severe
stress (table 7.2.4), especially if these readings persist after
irrigation. We should also point out that dead plants can
exhibit very low PMS values because dead roots retain
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the ability to absorb water. So, low PMS values are not
necessarily indicators of healthy stock.

PMS is also used operationally to monitor plant condition
during the harvest-to-outplanting process. For example,
stock that has a plant water potential (PMS) value of,
say, –1.0 MPa (10 bars) coming out of refrigerated storage
would certainly be cause for concern. Likewise, nursery
stock should have low PMS values immediately before
outplanting, when high values indicate overheating or
exposure to sun or wind. 

You may have noted that all research has been done with
conifers. Use of PMS as a performance predictor for decid-
uous hardwoods also shows some promise, although
Wilson and Jacobs (2006) point out that much work is
needed to define critical PMS values for a given species.

PMS as a snapshot of plant water status. The fact that
PMS is not always a good predictor of plant quality
should not be interpreted to mean that monitoring PMS is
a waste of time. Pressure chambers should be used to
check plant moisture status at several times during nur-
sery tenure. Using predawn PMS readings to fine-tune
nursery irrigation practices is a good idea, because pres-
sure chamber measurements show the actual water status
of a plant at a given time.

PMS measurements during harvesting can alert nursery
managers to dangerously dry conditions or excessive
plant exposure (MacDonald and Running 1979). PMS
can also be used to check the moisture status of stock
immediately before outplanting. For example, a very
strong relationship was found between PMS readings
taken immediately before outplanting of radiata pine
(Pinus radiata) seedlings and root growth potential
(Mena-Petite and others 2001) (fig. 7.2.13).

Plant moisture stress: Summary. Plants normally lose water
more rapidly through transpiration than they absorb from
the soil, so they are almost always under some level of
water stress, commonly known as plant moisture stress
(PMS). PMS is linearly correlated to, but differs in sign
from, plant water potential (yW). PMS shows strong diur-
nal variations as transpiration rates adjust in response to
changes in temperature, vapor pressure deficit, and stom-
atal aperture. The most useful value of PMS is that which

Figure 7.2.10—How to measure plant moisture stress
(PMS) with a pressure chamber. A plant stem is severed
and the cut end forced through a hole in the center of a
rubber gland, which is then inserted into the lid of the
chamber. Nitrogen gas is slowly introduced into the
chamber until a drop of water is forced to the surface of
the cut stem. The gauge pressure at which this occurs is
equal and opposite to the forces holding the water in the
stem and is known as PMS.

Water column in tension
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valve
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Figure 7.2.11—Plant moisture stress can give an instanta-
neous indication of nursery stock water status. When dif-
ferent families of white spruce seedlings were placed
under increasing water stress, the stomata closed (A) and
all photosynthesis ceased at –2 MPa (20 bars) (B, modified
from Bigras 2005).

Figure 7.2.12—The value of water potential at zero turgor
varies differently through the year for roots and stems of
Douglas-fir seedlings (modified from Ritchie and Shula 1984).

Genetic family
Slow-growing
Intermediate
Fast-growing

St
om

at
al 

co
nd

uc
ta

nc
e

(m
m

ol 
g-

1  s
-1

)
Ne

t p
ho

to
sy

nt
he

sis
(µ

m
m

ol 
g-

1  s
-1

)

Plant moisture stress (bars)

0.10

0.08

0.06

0.04

0.02

0.00

0.10

0.08

0.06

0.04

0.02

0.00

40 30 20 10 0

Predawn Moisture Seedling response and
PMS value (bars) stress rating cultural implications

0 to 5 Slight Rapid growth

5 to 10 Moderate Reduced growth
Best for hardening

10 to 15 High Restricted growth 
Variable hardening 
may result

15 to 25 Severe Potential for injury

> 25 Extreme Injury or mortality

occurs just before dawn (pre-dawn PMS), when yW is in
near equilibrium with ysoil. The Scholander pressure
chamber, introduced in the mid 1960s, remains the most
robust and useful method for measuring PMS. In this
test, a stem is severed from a plant, sealed in a pressure
chamber, and gas under pressure is introduced into the
chamber until a water drop forms at the cut surface. The
pressure at which this occurs is equal and opposite to
the forces holding the water in the stem and provides an
estimate of PMS. Although there are strong seasonal
variations in critical PMS (plant water potential) values,
readings in the range of –0.5 to –1.5 MPa (5 to 15 bars)
are normal whereas those below –1.5 MPa (above 15
bars) can be cause for concern.

PMS is not directly correlated with any of the classical
plant quality indicators, but predawn PMS measurements

Root

0.0

1.0

-2.0

-3.0

-4.0

O N D J F M A

Month

W
a

te
r 

p
o

te
n

ti
a

l,
 M

P
a

M J J A S O

Stem

A

B

Table 7.2.4—Growth response and cultural implications of
inducing moisture stress in conifer seedlings in Northwestern
United States nurseries (modified from Landis and others 1989)
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Figure 7.2.13—In some studies, plant moisture stress was
found to be a good predictor of the ability to grow new
roots after outplanting (modified from Mena-Petite and
others 2001).

can be used in nurseries to determine irrigation amount
and timing, and are the best measurements for monitoring
stress levels during hardening. PMS reading during har-
vesting can alert nursery managers to stressful conditions,
and plant users can use PMS to check moisture status of
their stock immediately before outplanting.

7.2.4.2 Cold hardiness 

Cold hardiness (CH) testing has been used in horticulture
since the early 1900s as a method of selecting cold hardy
cultivars. Its use as a plant quality test in forest and con-
servation nurseries has developed over the past 30 or so
years, but it stands now as perhaps the second most-often
used test of forest planting stock quality.

Concepts behind the test. During the growing season,
most temperate zone plants are killed when the air tem-
perature drops below freezing. As winter approaches and
growth slows, however, plants respond to the changing
photoperiod (lengthening nights) and develop tolerance
to cold (Bigras and others 2001; Glerum 1976, 1985;
Weiser 1970). In general nursery terminology, this is
known as “hardening” and this cold tolerance is indica-
tive of general stress resistance. When winter arrives,
plants that would have been killed at slightly below 0 °C
(32 °F) during the growing season are able to survive tem-
peratures far below that. As winter draws to a close and
the growing season nears, this resistance to low tempera-
tures is rapidly lost and plants resume growth. 
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What happens when plant tissues freeze? To understand
how plants withstand subfreezing temperatures, it is first
necessary to understand what happens inside a plant when
it freezes. Consider a generalized cross section of plant tissue
showing the cellular structure (fig. 7.2.14A). Cells are
enclosed by flexible walls made primarily of cellulose,
which is stiff and strong. Cells are typically packed tightly
together, but occasionally spaces that contain only air
and/or water occur between them (intercellular).

Plant tissue is composed of many types of cells that have 
different functions. Some cells, such as vessels and tracheids,
are hollow and transport water from roots to the leaves, or
photosynthate back down from leaves. Living cells that
function in photosynthesis and other physiological process-
es are filled with cytoplasm, which is surrounded by a semi-
permeable membrane composed of a fatty material called
lipid in which protein molecules are embedded. This mem-
brane plays a key role in plant cold hardiness; everything
within it is referred to as symplast and is living tissue.
Everything outside this membrane (cell walls, vessels, inter-
cellular spaces, empty cells, etc.) is referred to as apoplast
and is not living (fig. 7.2.14A). 

Both the symplast and apoplast normally contain some
water. Apoplast water is nearly pure, so its freezing point
is close to 0 °C (32 °F). In contrast, the symplast contains
dissolved sugars and salts, suspended starch granules, and
protein molecules. These solutes act as “antifreeze,” depress-
ing the freezing point of the symplast to considerably below
0 °C. So, when cells are exposed to sub-freezing tempera-
tures, the apoplastic water begins to freeze. As it does,
small ice crystals form within the cell walls, intercellular
spaces, and other voids within the apoplast (fig. 7.2.14B).
The symplast water, with its lower freezing point, resists
freezing. Therefore, the ice that forms within the plant tis-
sue is contained in the apoplast and does little or no
damage. 

Ice, however, has a very strong affinity for water—so
strong that ice crystals pull water tenaciously across the
membrane and out of the symplast. Because the mem-
brane is permeable only to water, the dissolved sugars
and other materials remain in the symplast even as water
is drawn out. This raises the concentration of the dis-
solved solutes, further lowering the freezing point of the
symplast water. When plant tissues are not cold hardy, or
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Figure 7.2.14—Living cell contents (symplast) are separated
from nonliving cell contents (apoplast) by the cell membrane
(A). When temperatures fall below freezing, ice crystals
begin to form in the apoplast. As these crystals grow, they
draw water across the cell membrane causing dehydra-
tion of the cell contents (B). If the cytoplasm becomes
severely dehydrated, the membrane can rupture, and cell
contents leak into the apoplast, causing cell injury.
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when the temperature falls below the plant tissues’
seasonal level of hardiness, the cytoplasm can become
severely dehydrated to the point at which: (1) proteins
denature; (2) membranes are killed or damaged allowing
cell contents to leak into the apoplast; (3) cells plasmolyze;
and (4) cytoplasmic cell volume decreases sharply, signal-
ing cell death. It is not clear whether low temperature
itself, or desiccation, or both actually incite the damage
(Adams and others 1991; Sutinen and others 2001).

Cold injury must be distinguished from winter desiccation
that results when cell water is pulled across the cell mem-
brane to feed ice crystals growing outside the cells. This
can severely dehydrate cytoplasm and injure membranes
causing them to leak cell contents. Even cold hardy plants
can be damaged by winter desiccation.

Cold hardiness mechanism. For plants to resist freezing,
several changes must occur in the physical and chemical
properties of the membranes and the cytoplasm during
the hardening process (Öquist and others 2001; Sutinen
and others 2001). First, membranes change physically,
becoming more permeable to water. This enables water
molecules to move out of the cells rapidly, permitting
intracellular solute concentrations to increase quickly. In
addition, the membranes become physically more rigid.
This helps protect them from being pierced by ice crystals
that are rapidly growing in the apoplast, while enabling
them to resist being torn and pulled away from the cyto-
plasm and/or cell walls as the cytoplasm dehydrates and
shrinks. The cytoplasm itself undergoes profound physi-
cal-chemical changes that enable it to survive severe
dehydration. These adaptations take place in response to
changes in photoperiod and lowering temperatures and
are orchestrated by suites of genes that are turned “on” or
“off” by these environmental signals.

An important hardiness avoidance mechanism is deep
supercooling of water (Burr and others 2001; Quamme
1985). Pure water can cool to nearly –40 °C (–40 °F)
without forming ice crystals when no ice nuclei are pres-
ent, and some plants exploit this property. When super-
cooled water does freeze, however, it is nearly always
lethal. The observation that many plant species do not
occur north of the –40 °C midwinter isotherm suggests
they avoid cold damage primarily by this mechanism
(George and others 1974). This same midwinter isotherm

A

B
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commonly coincides with timberline, causing Becwar
and others (1981) to speculate that supercooling may also
limit survival of certain species to below timberline. Many
conifers (pines excluded) employ supercooling as a
method of avoiding cold damage. However, many tree
species can survive temperatures far below –40 °C so
they are able to resist cytoplasmic desiccation by other,
less well understood, mechanisms.

Stages in cold hardening. Cold hardening (also known as
cold acclimation) occurs in a series of stages depending
on plant species (Cannell and Sheppard 1982; Timmis
1976; Timmis and Worrall 1975). Table 7.2.5 gives a
generalized cold hardening pattern for coastal Douglas-
fir shoots and root systems, which is illustrated in figure
7.2.15. The Y-axis represents the LT50 value—the temper-
ature that is lethal to 50 percent of a sample population—
which is the most common index of cold hardiness.

Further information on the environmental cues that trigger
and sustain the various stages of hardening and deharden-
ing are discussed in Greer and others (2001).

Hardiness variation in plant tissues, species, and 
ecotypes. Different plant tissues harden and deharden at
different rates (Bigras and others 2001; Rose and Haase
2002). In particular, the fact that roots do not harden as
deeply as shoots (fig. 7.2.15) has very important implica-
tions for container growers (Colombo and others 1995).
Burr and others (1990) tested cold hardiness of Engelmann
spruce seedlings throughout winter and separately exam-
ined buds, needles, and lateral cambium (fig. 7.2.16).

Stems and needles hardened more rapidly and achieved
greater midwinter hardiness than buds. All three tissues
dehardened very rapidly in late winter. 

Tree species and ecotypes exhibit a vast range of mid-
winter hardiness levels depending on the regional cli-
mate where they naturally occur (Sakai and Weiser
1973). Boreal conifers, such as black and white spruce,
jack pine (Pinus banksiana), and others, attain hardiness
levels below –80 °C (–112 °F). Many Rocky Mountain
conifers, such as lodgepole pine (Pinus contorta) and
Engelmann spruce, also reach this cold hardiness level.
In contrast, Pacific coast conifers, such as Douglas-fir,
coast redwood (Sequoia sempervirens), and western
redcedar (Thuja plicata), rarely acclimate to below –20
°C (–22 °F). Note that the cold tolerance of wide-rang-
ing species, such as Douglas-fir, varies by ecotype (–20
°C [–4 °F] for Washington State, but interior sources
from the Rocky Mountains can tolerate –20 to –30 °C
[–4 to –22 °F]).

Cold hardiness testing methods. Although plants can be
tested for cold hardiness by several methods (Burr and
others 2001), two tests are widely used: the whole plant
freezing test (WPFT) (Tanaka and others 1997) and the
freeze-induced electrolyte leakage (FIEL) test ( Burr and
others 1990; Dexter and others 1932; McKay 1992). Both
tests employ two steps (Burr and others 2001; Ritchie
1991). First, plants or plant parts are exposed to a freez-
ing stress and, second, the amount of cold injury is rated.
These tests are compared in table 7.2.6.

Hardening stage Season Environmental cues Temperature tolerance as LT50

Hardening begins slowly Early fall Shortening photoperiod –2 to –5 °C (28 to 23 °F)

Hardening increases rapidly Late fall Increasing lower temperatures, –10 to –20 °C (14 to –4 °F)
especially at night

Maximum hardiness Midwinter Very cold temperatures –15 to –40 °C (5 to –40 °F) 

Dehardening happens quickly Late winter Rising temperatures Rapidly rising to –2 °C (28 °F)
and longer days

Table 7.2.5—Stages of cold hardening and dehardening for coastal Douglas-fir seedlings (compare with figure 7.2.15)
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Figure 7.2.15—These typical cold hardening trends for
conifer seedlings show that shoots and roots follow the
same general pattern, reaching peak hardiness in January.
It is important to note that some species and ecotypes do
not reach Stage III Hardening, and roots do not attain the
same level of hardiness as shoots.

Figure 7.2.16—Plant tissues harden at different rates in the
fall, but all deharden very rapidly in the spring (modified
from Burr and others 1990).
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Whole plant freezing test. To begin, a representative
sample of plants is subjected to a series of subfreezing
temperatures in a programmable chest freezer (fig.
7.2.17A&B) or a Thermotron for a predetermined time
period, often a few hours. Next, plants are incubated in a
warm environment, such as a greenhouse, for several
days to allow symptoms to develop. Finally, the stem,
buds, and foliage of test plants are assessed for cold dam-
age by evaluating visible damage or “browning” in the
bud, cambial, and foliar tissues (fig. 7.2.17C–E). Mortality
is determined based on the severity and position of tissue
damage (Tanaka and others 1997).

Freeze-induced electrolyte leakage test. This test is based
on the fact that freeze-damaged cell membranes leak
electrolytes that can be measured with an electrical con-
ductivity (EC) meter. To begin, sample tissues (foliage,
buds, or roots) are cut from the test plants (fig. 7.2.18A),
and subjected to freezing temperatures (fig. 7.2.18B).
They are then placed into deionized water, which has
zero electrical conductivity (fig. 7.2.18C). The electrolytes
that leak from damaged cells increase the EC of the water,
and this relative increase in EC (described below) is a
measure of the amount of cold injury. Although this test
can be done on any plant tissue, samples of foliage or
roots are most commonly used. 

A relative conductivity (RC) index of freeze damage,
described by Ritchie (1991) and Burr and others (2001), is
determined as follows: (1) place tissue into vials contain-
ing deionized water; (2) expose the tissue to sub-freezing
temperatures; and (3) incubate the vials until the EC read-
ing stabilizes. This point is known as the initial solution
conductivity (EC1). Finally, the sample is completely killed
by heating or freezing and the final conductivity (EC2) is
measured. Relative conductivity is calculated as:

RC (%) = (EC1 – B1) x 100 / (EC2 – B2)

where B1 and B2 are optional blanks included to account
for possible ion leakage from vials.

So, as you can see, the FIEL test provides a quick and
easy way to measure cold hardiness of plant tissues.

Differential thermal analysis. Differential thermal analysis
(DTA) is based on the theory that when supercooled water
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freezes it almost always indicates significant tissue injury.
Two plant tissue samples (stem or bud) are collected and
one is killed by heat or cold and then dried. Two tiny
thermocouples, wired in series, are placed in the sample
material—one in the dead tissue and one in the living
tissue. The samples are placed into a freezing cabinet
capable of freezing down to about –40 °C (–40 °F). 

As the temperature is slowly lowered, the temperature
difference between the samples remains at zero until a
freezing event happens. At this point a “spike” is regis-
tered. The first spike often occurs when the temperature
reaches –5 °C to –10 °C (23° to 14 °F) and represents the
freezing of intercellular (apoplastic) water. In tissues that
supercool, a second spike will occur at a lower tempera-
ture (down to –40 °C [–40 °F]). Evidence suggests that the
temperature of this second spike indicates the lethal tem-
perature for that sample (Ritchie 1991).

While this method seems to offer promise for determining
hardiness levels of species that supercool, various techni-
cal problems have hindered its operational use (Burr and
others (2001).

Cold hardiness testing through gene expression. We indi-
cated earlier that changes in environmental signals, specifi-
cally photoperiod and temperature, trigger changes in gene
expression that ultimately result in cold hardiness develop-
ment. A novel approach to measuring hardiness, described
by Balk and others (2007), involves identifying genes known

to be implicated in this process. These genes are responsible
for production of enzymes, proteins that trigger all physio-
logical processes in organisms. To create an enzyme, the
cell must first transcribe the genetic information stored in
the DNA into messenger RNA (mRNA). The strand of mRNA
then moves over to a ribosome, a site of protein synthesis,
where amino acids are stitched together using the mRNA
blueprint. The subsequent chain of amino acids is another
enzyme that folds into its characteristic shape, floats free,
and begins performing a specific reaction (fig. 7.2.19A).
Changes in levels of enzymes triggered by these genes sig-
nal acquisition or loss of cold hardiness. An advantage is
that these signals can be detected much earlier (indicating
that nursery treatments used to trigger cold hardiness devel-
opment were effective, or that plants are losing cold hardi-
ness in spring) than waiting for measurable changes in cold
hardiness values using tests like whole plant freezing and
freeze-induced electrolyte leakage.

Research with Scots pine (Pinus sylvestris) and Norway
spruce (Picea abies) identified three indicator genes and
their subsequent enzymes that together provide enough
information to give an accurate estimate of the cold hardi-
ness stage of nursery plants (Balk and others 2007).
Subsequent work with Douglas-fir showed similar results
(Balk and others 2008). Chemical assays were developed to
detect the enzymes created by the indicator genes, and a
private company, N-Sure, now offers this test. A composite
sample of bud tissue is collected by the nursery manager,
stabilized using chemicals provided in a sampling kit, and

Factor Whole plant freezing test (WPFT) Freeze-induced electrolyte leakage (FIEL)

Plant tissue tested Intact plant (foliage, buds, stem, and roots) Detailed tissue (foliage, buds, stems,
or roots)

Time Several days to a week 1 to 2 days

Required testing Programmable freezer and Programmable freezer,
equipment growth chamber or greenhouse electrical conductivity meter, 

autoclave, oven, or microwave

Evaluation criteria Degree of tissue damage (browning) Numerical reading
or chlorophyll fluorescence 
(see Section 7.2.4.4)

Table 7.2.6—Comparison of two main cold hardiness tests
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Figure 7.2.17—In the whole plant freezing test, plants are
exposed to cold temperatures in a chest freezer (A) with pro-
grammable capabilities (B). After a specified exposure period,
plant tissues are rated for “browning” of buds (C), foliage (D),
and lateral cambium (E).
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Figure 7.2.18—In the freeze-induced electrolyte leakage
test, plant tissue samples (A) are exposed to freezing tem-
peratures (B) and then immersed in deionized water. The
relative increase in electrical conductivity is an indication
of cold injury (C) (C, courtesy of Sonia Gellert).

mailed to the test laboratory (fig. 7.2.19B). Results are
available in a few days.

Applications of cold hardiness testing. Container nurs-
eries use CH testing for several purposes.

1. CH tests can be used to track the hardiness of crops as
they go through natural hardening in the fall or through
cultural hardening procedures, such as blackout. In out-
door compounds, CH tests at regular intervals can be
used to determine when frost protection measures are
needed (Perry 1998). 

2. CH test are commonly used to determine the “lifting
window” for container crops. For example, the ability to
tolerate -18 °C (0 °F) is being used as an indication of
when conifer crops in British Columbia can be lifted for
freezer storage (Burdett and Simpson 1984). Different ref-
erence temperatures should be developed for other
species and ecotypes. 

3. CH tests provide a good estimate of overall plant stress
resistance (Ritchie 2000), which is a key quality attribute
(see Section 7.2.5.2).

Cold hardiness: Summary. Plants that are easily killed by
freezing temperatures during the growing season can sur-
vive much lower temperatures in winter when they are
cold hardy.  Cold injury must be distinguished from winter
desiccation that results when cell water is pulled across
the cell membrane to feed ice crystals growing outside the
cells. This can severely dehydrate cytoplasm and injure
membranes, causing them to leak cell contents. Even cold
hardy plants can be damaged by winter desiccation.

Cold hardening is triggered in late summer by photoperiod
and increases during early winter as plants are exposed to
increasingly lower temperatures. The level of hardiness can
vary greatly among species and ecotypes and is highly influ-
enced by the climate of origin. Peak hardiness occurs in
January in temperate zone plants. Following this peak, har-
diness can be rapidly lost as plants respond to lengthen-
ing photoperiod and warming temperatures.

The most commonly used CH tests are the whole plant
freeze test, in which entire plants are exposed to freezing
temperatures then evaluated for their response, and the
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Figure 7.2.19—Genomic cold hardiness tests allow early
detection of the chemical signals that trigger cold hardi-
ness and can serve as an early indicator (A). The N-Sure
test provides a quick and accurate way to monitor cold
hardiness of nursery stock (B).

freeze-induced electrolyte leakage test, which is used to
test foliar and root samples. Tests based on genetic indica-
tors are now becoming available.

Cold hardiness tests can be used to establish lifting
windows, for indicating when frost protection may be
needed in the nursery, and as a surrogate for stress
resistance testing. 

7.2.4.3 Root electrolyte leakage 

Roots are among the most fragile parts of plants and, hence,
are sensitive to many environmental and operational stresses.
This is particularly true of container stock whose root systems
are not insulated by surrounding soil. Stresses include high
and low temperatures (Lindström and Mattsson 1989; Stattin
and others 2000), desiccation (McKay and Milner 2000),
rough handling (McKay and White 1997), improper storage
(Harper and O’Reilly 2000; McKay 1992; McKay and Mason
1991), and even water logging and disease. It is sometimes
possible to detect root damage using the time-honored
thumbnail scraping and browning examination, but often the
damage is invisible or difficult to quantify. A more rigorous
test is called root electrolyte leakage (REL). Because it meas-
ures the health and function of root cell membranes, REL can
be used as an indication of root injury and, therefore, quality. 

REL has been used in Canada (for example, Folk and oth-
ers 1999) and is currently one of a battery of plant quality
tests developed by the Ontario Ministry of Natural
Resources (Colombo and others 2001). In the United
States, electrolyte leakage has primarily been used to test
the cold hardiness of foliage, but application of this tech-
nique to roots is uncommon. 

The REL method is relatively simple, uses readily avail-
able equipment, produces results quickly, and can be use-
ful with deciduous trees, which are leafless in winter
(Wilson and Jacobs 2006). Interpretation of REL results,
however, can be problematic due to species, seedlot, and
seasonal effects. 

Theory. REL tests are based on the same principle as the
FIEL test described in the previous section. The main differ-
ence, however, is that the REL test measures all types of
root injury, not just cold damage. The basic idea is that
measuring the quantity of ions that leak across damaged
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root membranes provides an estimate of the relative
“viability” of the root system (Palta and others 1977). When
damaged roots are placed in distilled water, the amount of
membrane leakage can be easily and quickly measured
with an electrical conductivity (EC) meter. 

The biological significance of REL. McKay (1998) offers
the following explanation for why the REL test has appli-
cation as a plant quality test. After outplanting, the main
cause of plant mortality is transplant shock induced by
water stress. Plants with existing, viable root systems are
more efficient in extracting water from soil, and REL
measures that root system viability. A low REL reading
indicates high root viability, allowing water uptake to
mitigate transplant shock.

Measurement procedure. The technique most often used
(McKay 1992, 1998) has changed little from the initial pro-
tocol described by Wilner (1955, 1960). The steps are as
follows (fig. 7.2.20):

Young
root

Mature
root

Root clippings

Clip roots

EC meter

2 cm

2
 c

m

Figure 7.2.20—In the root electrolyte leakage test, measuring the change in electrical conductivity of root tissue gives an
indication of the amount of membrane damage. Because this test reflects all types of root injury, it can be used to indicate
how well roots will grow out after outplanting.

1. Roots are first washed in water to remove soil, then in
deionized water to remove any surface ions that may
be present. 

2. A central mass of roots is removed from the plant—
with nursery plants this is often a band about 2 cm
wide running across the midsection of the root system.

3. Roots with diameter > 2 mm are removed from the
sample, leaving only “fine” roots. 

4. Fine roots are placed into a vessel containing
deionized water.

5. The vessel is then capped, shaken, and left at room
temperature for about 24 hours. 

6. Conductivity of the solution (Clive) is measured with a
temperature-compensated EC meter. 

7. Root samples are removed and killed by autoclaving
for 10 minutes at 100 °C (212 °F) or heating in an 
oven at 90 °C (194 °F) for 6 hours.
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8. Conductivity of the solution surrounding the dead
root samples (Cdead) is measured.

9. REL is calculated as the ratio of the EC of live roots
divided by the EC of dead roots:

REL = (Clive / Cdead) x 100 

Applications of REL in nurseries. The REL test is most
often used to assess effects of cold damage, poor storage
conditions, root exposure causing desiccation, or rough
handling of nursery stock. Nearly all the published work
has been with bareroot conifer seedlings, primarily
Douglas-fir, spruces, pines, and larch. Use of REL to detect
freezing damage to roots is applied in one of two contexts:
evaluation of cold hardiness test results, and detection of
root injury following unseasonably cold weather.

Measuring root cold hardiness. REL cold hardiness testing
is the same process as FIEL as explained in Section 7.2.4.2.
For example, root samples from bareroot Norway spruce
seedlings were exposed to either –5 °C (23 °F) or –10 °C
(14 °F) biweekly from September through December in
Sweden (Stattin and others 2000). As winter progressed, the
difference in REL between cold-treated and nontreated
seedlings became smaller, indicating that seedlings were
becoming increasingly more cold hardy (fig. 7.2.21).

Detecting cold or heat injury to roots. Because roots of
container plants are not protected by the thermal mass of
soil, they can be easily injured by extreme temperatures.
This is especially true when nursery stock is overwintered
outdoors under snow, as is done in eastern Canada and
Scandinavia (Lindström and Mattsson 1989). If snow fails
to accumulate, or a sudden warm period occurs, contain-
er crops are often exposed long enough for their roots to
be severely damaged. The REL test is ideally suited for
making rapid assessment of potentially damaged nursery
stock (for example, Coursolle and others 2000).

Determining lifting windows. REL has been used to indicate
when it is safe to harvest bareroot nursery stock (McKay
and Mason 1991). For example, Douglas-fir seedlings
harvested during midwinter showed much lower REL
readings and, therefore, less root injury than stock harvested
earlier (fig. 7.2.22).
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Monitoring quality of stored seedlings. REL can be used to
monitor quality during overwinter storage (McKay 1992,
1998; McKay and Morgan 2001). In one test (McKay 1998),
spruce and larch seedlings were harvested throughout win-
ter, beginning October 1, and then placed in storage at 1 °C
(33 °F). All seedlings were removed from storage, tested for
REL, and then outplanted in April. With both species, REL
decreased and survival increased as harvesting was delayed.
In another experiment (Harper and O’Reilly 2000),
Douglas-fir seedlings were harvested in October, November,
December, and January; “warm stored” at 15 °C (59 °F) for
7 and 21 days; and then tested for REL. The REL readings
taken at the time of harvest decreased with later harvesting
dates, indicating that seedlings were becoming hardier. For
each harvest date, however, the readings increased sharply
with storage duration suggesting that warm storage con-
tributed to fine root degradation (fig. 7.2.22). 

Desiccation and rough-handling effects. Bareroot Sitka
spruce and Douglas-fir seedlings were held in controlled
environment chambers with their roots exposed to drying
conditions for up to 3 hours (McKay and White 1997). The
REL readings increased with the intensity of the desiccation
treatment, indicating root injury. Injury was confirmed
when the desiccation treatments had poor outplanting per-
formance on sites with low spring rainfall in Great Britain. 

Figure 7.2.21—Root electrolyte leakage measurements
of Norway spruce seedlings show the development of root
hardiness during fall. RELdiff is the increased electrolyte
leakage from roots following exposure to –5 or –10 °C (23
or 14 °F) compared with leakage from nonfrozen seedlings
(modified from Stattin and others 2000).
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Figure 7.2.22—REL can be used to determine harvesting
(lifting) windows and monitor stock quality during storage.
Douglas-fir seedlings harvested during midwinter showed
lower REL levels than stock harvested earlier in fall.
The same stock was warm-stored after harvesting, and
REL measurements at each date showed that less warm
storage yielded lower REL levels (modified from Harper
and O’Reilly 2000).
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Rough handling in combination with root desiccation was
assessed in bareroot Douglas-fir, Sitka spruce, Japanese
larch (Larix kaempferi), and Scots pine using REL (McKay
and Milner 2000). Rough-handling treatments were simu-
lated by dropping bags of seedlings from a height of 3 m
(9.8 ft). Desiccation was achieved by exposing roots to
warm, dry air for 5 hours. Although effects varied with
harvesting date and species, REL was significantly higher
in stressed seedlings across species and treatments. 

REL as a predictor of outplanting performance. The ultimate
objective of any plant quality test is to predict how well
nursery stock will survive and grow after outplanting, and
many studies have used REL for this purpose with mixed
results. REL was closely correlated with relative water
content of radiata pine (Pinus radiata) seedlings 20 days
after planting (Mena-Petite and others 2004). With Sitka
spruce and Japanese larch seedlings, REL was closely
related to both survival and height growth (fig. 7.2.23). In
Sitka spruce and Douglas-fir seedlings, REL was correlat-
ed with survival on some sites but not others (McKay and
White 1997). REL predicted establishment of Japanese
larch seedlings to some extent, but root growth poten-
tial was a better predictor (McKay and Morgan 2001).
Similar results were found with black pine (Pinus nigra)
(Chiatante and others 2002), while Harper and O’Reilly
(2000) reported that REL was a poor predictor of survival
potential in warm-stored Douglas-fir seedlings. 

Limitations of REL. Why does REL predict survival in
some cases but not all? As with many things, “the devil is
in the details.” 

Genetics. REL has been shown to vary with species and
even seed sources within species. For example, jack pine
and black spruce exposed to a range of damaging root
temperatures had REL values in the range of 27 to 31 per-
cent, while white spruce exposed to the same tempera-
tures had REL between 36 and 38 percent (Coursolle and
others 2000). Sitka spruce seedlings from Alaska, the
Queen Charlotte Islands (QCI), and Oregon provenances
were evaluated for their ability to withstand root drying
and rough handling (McKay and Milner 2000). Oregon
and QCI seedlings exposed to root drying had lower REL
values than Alaska seedlings, while Alaska and QCI
seedlings, when exposed to rough handling had lower values
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Figure 7.2.23—Root electrolyte leakage has shown good
correlation with outplanting performance in this study
with Japanese larch, but not so in many other studies
(modified from McKay and Mason 1991).



than Oregon seedlings did. In another study, Douglas-fir had
higher REL values than did Sitka spruce, Scots pine, and
Japanese larch, regardless of the type of stress encountered
(McKay and Milner 2000). Two coastal seedlots of
Douglas-fir (British Columbia) gave different relationships
between REL and survival (Folk and others 1999). 

Dormancy status. McKay and Milner (2000) found that
the resistance to stresses mentioned above varied seasonal-
ly and was correlated with the intensity of bud dormancy.
A similar result was reported by Folk and others (1999) for
Douglas-fir seed lots who concluded that REL must first be
calibrated to bud dormancy status before it can be effec-
tively used to assess root damage in Douglas-fir.

Seedling age. REL gave good correlations with survival in
2-year-old black pine seedlings, but correlations were
weak for 1-year-old seedlings (Chiatante and others
2002). The authors speculate that the efficiency of REL as
a quality assessment tool could be closely related to the
developmental state of the root system.

Root electrolyte leakage: Summary. Electrolyte leakage
from fine roots (REL) is a measure of the ability of mem-
branes within the root system to contain ions. Damaged
membranes tend to leak ions so, if ion leakage is quanti-
fied, it can provide an indicator of root viability. The REL
test is a fast and easy way to evaluate the effects of cold
damage, rough handling, desiccation, cold and warm
storage, and other stresses on root viability and plant
vigor. REL is sometimes closely correlated with plant sur-
vival, but in other cases these correlations are weak. This
is because factors other than root damage can affect REL,
including species, seedlot, plant age, season, and bud
dormancy intensity. Fortunately, REL can be calibrated for
these effects. 

7.2.4.4 Chlorophyll fluorescence

Although technology for measuring chlorophyll fluores-
cence (CF) has been in place for more than 50 years, it
has been applied to tree seedling physiology only since
the late 1980s (Mohammed and others 1995). In early
trials, forestry researchers considered CF to be an
important research tool for potential applications such
as assessing effectiveness of irrigation and fertilization,
determining harvest windows, and evaluating plant

vigor after storage. CF was predicted to be a “simple,
rapid, reliable and non-destructive method of evaluat-
ing seedling physiological status during the nursery pro-
duction cycle” (Vidaver and others 1988). 

In the intervening years, CF has not lived up to those
early expectations. Because CF has such great potential,
however, both plant producers and users should have a
basic understanding of CF and what it can and cannot
do.

What is chlorophyll fluorescence? When solar radiation
strikes a leaf, some light energy is reflected, some is trans-
mitted through the leaf tissue, and some is absorbed. Plants
absorb much more light energy than is required for
photosynthesis. In fact, < 20 percent of the photosyntheti-
cally active radiation absorbed by a leaf is actually used in
photosynthesis (fig. 7.2.24). Red and blue wavelengths are
absorbed by chlorophyll and other pigments, but green
wavelengths are reflected, giving living plants their green
color. To dissipate all that excess energy that would other-
wise be damaging, plants have developed ingenious process-
es known collectively as “energy quenching.” Three types of
energy quenching are recognized. Photochemical quench-
ing (qP) is energy used in photosynthesis. Nonphoto -
chemical quenching (qN) is energy dissipated mainly as
sensible heat. Fluorescence quenching (qF) is energy
emitted as fluorescence and is the basis for the chloro-
phyll fluorescence test. The largest amount of the
absorbed energy is dissipated as sensible heat (qN), while
a much smaller amount is given off as fluorescent light
(qF) (fig. 7.2.24). These three quenching mechanisms
operate simultaneously and in competition with one
another.

If these quenching mechanisms are overloaded by high
light, the surplus energy drives a biochemical process
called the “Moehler reaction.” This generates free radicals,
mainly oxides and peroxides toxic to the plant. To protect
themselves, leaves synthesize scavenging molecules that
mop up free radicals and render them harmless. The yellow
carotenoid pigments, for example, serve this function.
When light intensity is so high, however, as to overwhelm
these scavenging systems, then photodamage occurs
(Demig-Adams and Adams 1992). This often appears as leaf
“scorching” and is common in nursery plants that have
been moved too quickly from shade to full sun.
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Figure 7.2.24—Only a small amount of photosynthetically
active radiation is absorbed by leaves and actually used
(quenched) by photosynthesis. The rest of the surplus
energy is quenched as heat loss or as fluorescence.

The manner in which a plant is able to manage the light
energy it absorbs is a sensitive indicator of stress (Krause
and Weis 1991). The CF technique, which quantifies ener-
gy quenching, is useful for studying plant responses to
stress and therefore plant quality.

Photosynthesis and chlorophyll fluorescence. Photosyn-
thesis embodies three sequential processes (Vidaver and
others 1991): 

1. Light harvesting—light energy is absorbed by light-
sensitive pigments (including chlorophyll) in the leaves.

2. Photochemistry—the absorbed light energy is converted
into chemical energy.

3. Biochemistry—chemical energy is used to drive Calvin
cycle reactions that convert atmospheric carbon into
simple sugars. 

CF provides a view into the photochemistry process.
Because all three processes are intimately interconnected,
a perturbation to one part of one process affects the entire
set of reactions. These changes in the photosynthetic
process are reflected in variations in the amount and rate
of CF emissions.

Chlorophyll
fluorescence
3 to 5% (qF)

Heat
75 to 97% (qN)Photosynthesis

0 to 20% (qP)

Light energy enters the leaf of a plant and is “captured”
by light harvesting pigments (fig. 7.2.25). Depending on
the wavelength of the captured light, it enters one of two
reaction centers: Photosystem I (PSI) and Photosystem II
(PSII), which are located on membranes in the chloroplasts.
When a chlorophylla (Chla) molecule in PSII absorbs a
photon of energy, one of its electrons is raised to a higher
energy state. While in this excited state, it is captured by
an electron acceptor pool from which it funnels down
through an electron transport chain into PSI, where a similar
process occurs (PSI and PSII are named in the order in
which they were discovered, not the order of the reaction).
This energy transfer leads to the generation of ATP and ulti-
mately the reduction of NADP to NADPH. The energy con-
tained in ATP and the reducing power of NADPH con-
tribute to the fixation of CO2 molecules and their ultimate
conversion to simple sugars in the Calvin Cycle.

“Water splitting” is another key part of the light reaction.
In order to replenish the electrons that are lost from Chla
in PSII, the plant splits water molecules, releasing oxygen
atoms into the atmosphere and providing electrons that
feed into PSII (fig. 7.2.25).

For any of a number of reasons, many of the excited
electrons from Chla in PSII are not captured by the
acceptor pool and they decay back to their ground state.
The energy lost in this decay process is given off as fluo-
rescent light (qF), which emanates entirely from Chla in
PSII (Krause and Weis 1991) as it decays to its ground
state. This is shown in figure 7.2.25 as a wavy line and
occurs when the acceptor pool is fully reduced or when
the electron transport pathway is backed up. In other
words, when more excited electrons are produced than
can be processed, they fall back to their ground state,
releasing their excitation energy as fluorescence.

This fluorescence emission is too weak to be visible to
the naked eye but can easily be detected by an instru-
ment called a chlorophyll fluorometer. The fluorometer
measures and quantifies the nature of this fluorescence
emission and forms the basis of the CF test.

Measuring chlorophyll fluorescence. The German plant
biochemist Hans Kautsky first observed chlorophyll fluores-
cence in the late 1920s (Govindjee 1995). Kautsky dark-
ened a leaf, then illuminated it with a brief flash of intense
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light, and noted an emission of fluorescent light followed
the light pulse. Surprisingly, he found that in healthy tissue
the emission disappeared within a few minutes, but when
the tissue was killed with cyanide or by freezing, the fluo-
rescence emission persisted much longer. It has since been
determined that poisoning or freezing leaf tissue disables
the electron flow pathway, causing excited electrons to fall
back to their ground state and give off measurable fluores-
cence. In healthy tissue, by contrast, more electrons are
quenched in the electron transport pathway, thereby reduc-
ing fluorescence emissions.

Kautsky fluorometers. Kautsky’s observation led to the devel-
opment of instruments called “Kautsky” fluorometers.
Originally large and cumbersome and the staple of labora-
tory research on photosynthesis, Kautsky fluorometers have
evolved into small, affordable, portable, and user-friendly
devices. They contain a light source, two sets of filters, a
microprocessor, and a photosensor, and they typically inter-
face with a laptop computer (fig. 7.2.26A). The light source
sends a pulse of photosynthetically active light through a
fiberoptic cable to the leaf surface where it activates Chla in
PSII. The Chla emission returns back through the cable and
passes through a second filter that transmits fluorescent light

Figure 7.2.25—Simplified diagram of the light reaction of photosynthesis. Chlorophyll fluorescence emanates from chlorophylla
in Photosystem II. This fluorescence can be measured with a fluorometer and can be used to diagnose stresses.

to the photosensor, which records the emission. The process
is controlled by the microprocessor, which is programmed
using the laptop computer.

The CF measurement process begins with “dark adapting”
the leaf for about 20 minutes. This ensures that: (1) all
chlorophyll is in an unexcited, or ground, state; (2) the
acceptor pools are empty; and (3) the electron transport
pathway is clear before the light pulse is received.
Following the light pulse, the fluorometer generates a
curve in which the intensity of the resulting fluores-
cence emission is plotted over time (fig. 7.2.26B). In the
Kautsky curve, Fo is fluorescence emanating from the
light harvesting pigments in the leaf, not from PSII. Fm
is the maximum fluorescence, and Fv is the variable
fluorescence coming from PSII. 

This curve has many diagnostic features, but the most
useful is the ratio of variable fluorescence to maximum
fluorescence, or Fv/Fm. This ratio provides a direct esti-
mate of the efficiency of the light reaction (Genty and
others 1989) and is the most often used CF output.
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Pulse amplitude modulated fluorometers. A more recent
development in fluorometry is an instrument called the
pulse amplitude modulated (PAM) fluorometer (Schreiber
and others 1995). After delivering an initial excitation
light pulse, the PAM generates a rapid stream of high-
intensity, saturating light pulses that overwhelm acceptor
pools, thus canceling out photochemical quenching. The
fluorescence emission differentiates between these peaks
and the fluorescence decay curve is, therefore, nonphoto-
chemical quenching. 

This powerful procedure enables simultaneous measure-
ment of the three energy-quenching components, along
with determination of overall process efficiency at several
levels. One of these instruments, the PAM-2000, is manu-
factured by Heinz Walz in Germany (http://www.walz.com).
PAMs have become an essential tool for seedling physiolo-
gy research. A PAM-2000 run produces estimates of quan-
tum yield (Fv/Fm), effective quantum yield (Y), photochemi-
cal quenching (qP), nonphotochemical quenching (qN),
electron transport rate (ETR), and many other variables. 

Normal values of CF parameters in plants.The biochem-
istry of photosynthesis is essentially uniform across all
species of C3 plants. Therefore, CF parameters in “normal”
healthy plants would not be expected to vary across a
broad range of species. Discussions with other scientists,
as well as perusal of the CF literature, led to the develop-
ment of table 7.2.7. This gives what are often considered
to be “normal” values for the CF parameters and can be
used as a guide to interpreting literature values. 

Use of CF in plant-quality assessment. At the present
time, CF is primarily a research tool but is beginning to
be used operationally in some nurseries.

Dormancy. Although attempts to use CF as an indicator of
plant phenological condition or dormancy status have
been done, we are not yet convinced that these studies
are verifiable or repeatable. 

Cold hardiness. Currently, the most common use of CF is
in detecting and assessing cold injury (Binder and others
1997). For example, when 17 species of Abies were tested
for cold hardiness, the damage to buds, foliage, and lateral
cambium were all well correlated with CF ratings (Jones
and Cregg 2006). When compared with other cold

Figure 7.2.26—A Kautsky fluorometer consists of a light
source, two filters, a photosensor, microprocessor, and a
fiberoptic cable that attaches to a leaf. Instructions are
sent to the fluorometer from a laptop computer (A). A
quenching curve is generated after a light pulse is deliv-
ered to a dark-adapted leaf. These curves are diagnostic
because healthy and stressed plants differ in the amount
and duration of their fluorescence emission (B). For exam-
ple, the ratio of variable to maximum chlorophyll fluores-
cence (Fv/Fm) is a good indicator of photosynthetic effi-
ciency. See table 7.2.7 for explanation of symbols (B,
modified from Rose and Haase 2002).
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hardiness tests, CF was shown to be a quick, nondestructive
indication of cold injury of the foliage and stems of Scots
pine container stock (Peguero-Pina and others 2008). Rather
than rating cold injury with visual, electrolytic, or other
methods (see Section 7.2.4.2), the CF approach uses the
response of the photosynthetic process as an index of dam-
age. “Normal” plants will typically have Fv/Fm values from
0.700 to 0.830, or slightly lower in winter. When this value
falls to < 0.600 following freezing, it indicates significant
damage to the photosynthetic process (table 7.2.7). 

Outplanting performance. Some studies have attempted to
correlate CF variables with outplanting performance. For
example, measures of effective quantum yield predicted
variations in survival and plant health of stored and non-
stored Douglas-fir seedlings in an Irish nursery (Perks and
others 2001). 

Storage effects. Short-term (2-week) cooler storage of radi-
ata pine seedlings caused depressions of Fv/Fm, Fv/Fo, and
other CF parameters as leaf water potential, stomatal con-
ductance, and net photosynthesis also dropped (Mena-Petite
and others 2003). These reflected storage-related damage to
photosynthetic apparatus and portended reduced post-plant-
ing performance. CF is being used as a plant-quality test
after storage in some Ontario nurseries (Colombo 2009).

Drought stress. Long-term drought affects photosynthesis
directly by depressing leaf water potential, which closes
stomata. Recent evidence suggests that prolonged drought
also disrupts photosynthesis at the photochemical level.
When white spruce seedlings were exposed to 21 successive
days without water in a controlled environment chamber
(Bigras 2005), Fo and qN were unaffected, but Fm, Fv,
Fv/Fm, and qP were depressed when water potential fell
below –1.0 MPa (10 bars PMS). Fv/Fm measured in dormant
Norway spruce seedlings was unaffected by 4 weeks of post-
planting drought in the field, but the same drought exposure
depressed Fv/Fm from 0.83 to about 0.28 in seedlings lack-
ing bud dormancy (Helenius and others 2005).

Chlorophyll fluorescence: Summary. Plants have evolved
intricate mechanisms for dissipating, or quenching, the
light energy they absorb. Some of this energy is used in
photosynthesis (photochemical quenching, qP), while the
remainder is dissipated by nonphotochemical (qN) or flu-
orescence (qF) quenching. 

Stress caused by high and low temperature, disease,
drought, inadequate nutrition, and so on impairs a plant’s
ability to manage energy quenching. Thus, by measuring
and interpreting the three components of quenching with
CF, it is possible to detect damage resulting from subtle,
transient stress as well as long-term, severe stress. Three
important CF parameters that are often reported in the
nursery literature are qP, qN, and Fv/Fm.

Damaged or stressed plants have the ability to recover
quickly, so it is important to measure CF parameters over a
course of several days following stressful events before
conclusions about plant damage can be reached. If Fv/Fm
remains low and qN high for several days, this indicates
that significant damage to the photosynthetic system has
probably occurred. Still, much more research is needed
before CF will be an operational quality test.

7.2.4.5 Mineral nutrient content

Intuitively, the amount of mineral nutrients that is stored in
a plant should be related to its quality. Mineral nutrients
such as nitrogen and phosphorus supply the building
materials for new growth, and newly outplanted seedlings
must rely on a supply of stored nutrients until they are
established in the field. Because they reflect actual mineral
nutrient uptake, plant tissue tests are the best way to moni-
tor a fertilization program. Analytical laboratories are able
to accurately and precisely measure the levels of all 13 min-
eral nutrients in a small sample of plant tissue, and nursery
managers can obtain results in as little as a week. By also
measuring tissue biomass, nutrient content can be calculat-
ed from the laboratory results for nutrient concentration.
That data can then be examined using vector diagrams for
relative differences among fertilizer regimes for nutrient
dilution, toxicity, sufficiency, or deficiency (Haase and Rose
1995). Although tentative guidelines for analyzing mineral
nutrient levels exist, they are for general classes such as
“conifer seedlings” (table 7.2.8) and are of limited useful-
ness for precision monitoring of fertilizer programs.  Most
published test results are for commercial tree species and
almost nothing is known about other native plant species
(Landis and others 2005).

Another problem is that correlation between foliar nutrient
levels and outplanting survival is not good. One problem
is that a plant could be severely stressed or even dead and
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CF parameter Definition Description Normal range Stress range

Fo Ground state Fluorescence which emanates from 0.2 to 0.4 > 0.7

fluorescence the light-harvesting pigments of the 

leaf; generally considered a 

“background level” fluorescence 

that is zeroed out when measuring 

PSII chlorophyll fluorescence.

Fs Steady-state Fluorescence level Low Ft indicates stress

fluorescence (sometimes referred to as Ft)

Fv Variable fluorescence Height of the fluorescence peak above 

Fo following exposure to the actinic 

light pulse (Fv = Fm – Fo)

Fm Maximal fluorescence Fv + Fo 1.2 to 1.5

Fv/Fm Maximum quantum yield An estimate of the ratio of moles of 0.70 to 0.83 < 0.60

carbon fixed per mole of light energy 

absorbed (Genty and others 1989); 

theoretical maximum value for C3
photosynthesis is approximately 0.830.

Y Effective quantum yield (Fm-Fs)/Fs 0.40 to 0.60 0.10 to 0.20

qN Nonphotochemical Dissipation of absorbed light energy by 0.4 to 0.6 Prolonged values > 0.6

quenching means other than photosynthesis (mainly 

as sensible heat)

qP Photochemical quenching Use of absorbed light energy via 0.7 to 0.8 Prolonged values < 0.6

photosynthesis 

ETR (in full sun) Electron transport rate Speed at which electrons are < 300 µmol 

transported through the photosystem electrons m-2s-1

still contain ideal mineral nutrient levels. Even though
mineral nutrient levels are not a guarantee of vitality,
foliar nitrogen levels appear to be a good predictor of
growth after outplanting (Landis 1985). For example, van
den Driessche (1984) found a strong correlation between
foliar nitrogen and the shoot growth of Sitka spruce
seedlings when measured 3 years after outplanting (fig.

7.2.27A). This makes sense only because, after a plant is
established, it needs good reserves of nitrogen to repair any
injuries and build new cells. Some nurseries have estab-
lished foliar nitrogen targets at the time of harvest as one
indication of plant quality; for instance, provincial nurseries
in Quebec specify a minimum foliar nitrogen level for their
nursery stock depending on container size (Government of

Table 7.2.7—Normal ranges of chlorophyll fluorescense emissions parameters in C4 plants (extracted from the literature)
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Quebec 2007). Therefore, the best recommendation is for
nurseries to develop their own foliar nutrient standards for
the plant species that they grow.

The latest research into the relationship between seedling
nutrient levels and outplanting performance involves a
concept called “nutrient loading” with nitrogen. The idea
is that “supercharging” a seedling with nitrogen will
help it survive and grow better on the outplanting site
where mineral nutrients are usually limiting. Nutrient
loading involves fertilizing seedlings during the harden-
ing phase until their nitrogen content is in the luxury
consumption area of the growth curves (fig. 7.2.27B).
This process has been successful with black spruce
(Picea mariana) on sites with heavy plant competition as
chronicled by Timmer and his associates (for example,
Timmer 1997). The concept of nutrient loading with
nitrogen is certainly attractive and it is hoped that this
technique will be tested with more species on a wide
variety of outplanting sites (Landis and others 2005).
Possible problems with increased animal predation and
lower frost hardiness also need to be investigated.  

7.2.4.6 Carbohydrate reserves

It seems logical that the amount of food stored as carbo-
hydrates in nursery stock should be a good indication of
plant quality. After outplanting, nursery plants must rely
on this stored “food” to fuel new growth until the plants
can start photosynthesizing. Marshall (1983) gives an
excellent review of carbohydrates in plants and presents a
good comparison of how stored carbohydrates would be
used in two different seedlings. Seedling 1 contains ade-
quate levels when harvested, but carbohydrates are
gradually consumed during storage; after outplanting,
even more are used until the plant becomes established
and generates new carbohydrates through photosynthesis
(fig. 7.2.28A). Plants that suffered stress or injury would
use even more carbohydrates to repair tissues and fuel
metabolic recovery. In fact, carbohydrate reserves were
found to influence the growth of nursery stock for up to 2
years after outplanting (Ronco 1973). 

Unfortunately, research trials have not shown carbohy-
drate reserves to be a good predictor of plant quality and
little has been done with container nursery stock. For
example, the carbohydrate reserves of bareroot Scots pine

seedlings were evaluated as an indicator of stock quality,
and the results followed the general trend in figure
7.2.28A. When reserves dropped below 2 percent total
glucose during storage, significant mortality occurred (fig.
7.2.28B). The author concluded that difficulties in meas-
uring carbohydrate concentrations and the dynamics of
carbohydrate metabolism make tests of carbohydrate
reserves impractical for operational use as a plant-quality
index (Puttonen 1986).

Measuring performance attributes can be thought of as a
“bioassay” that integrates the functioning of all plant
systems into one performance variable. Although they are
often robust indicators of plant performance potential,
performance attributes do not identify what, specifically,
is wrong when performance potential is low. In addition,
they also suffer from being very time consuming to
measure directly, which can limit their usefulness to
plant producers and users.

Nutrient Symbol Acceptable range

Macronutrients (%)
Nitrogen N 1.30 to 3.50  
Phosphorus P 0.20 to 0.60  
Potassium K 0.70 to 2.50  
Calcium Ca 0.30 to 1.00  
Magnesium Mg 0.10 to 0.30  
Sulfur S 0.10 to 0.20  

Micronutrients (ppm)
Iron Fe 40 to 200  
Manganese Mn 100 to 250  
Zinc Zn 30 to 150  
Copper  Cu 4 to 20  
Boron B 20 to 100  
Molybdenum Mo 0.25 to 5.00  
Chloride Cl 10 to 3,000  

Table 7.2.8—Target concentrations for the essential 
mineral nutrients in the foliage of conifer nursery stock 
(modified from Landis 1985)
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Figure 7.2.27—Foliar nitrogen (N) concentration was shown to be a
good predictor of the shoot growth of Sitka spruce seedlings when
measure 3 years after outplanting (A). “Nutrient loading” conifer
seedlings with high levels of nitrogen (B) has been shown to be benefi-
cial on wet outplanting sites with heavy plant competition (A, modified
from van den Driessche 1984; B, modified from Timmer 1997). 

Figure 7.2.28—Nursery plants consume significant amounts
of stored carbohydrates from harvest through storage and
outplanting. Seedling 1 contained adequate reserves and
survived until it became established on the outplanting site
and replenished carbohydrates through photosynthesis.
Seedling 2 started out with inadequate carbohydrate storage
and died soon after outplanting (A). With Pinus sylvestris
seedlings, mortality increased and shoot growth decreased
after outplanting when total glucose levels dropped below 2
percent (B) (A, modified from Marshall 1983; B, modified
from Puttonen 1986). 
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Figure 7.2.29—Dormancy refers to the activity of the
meristematic tissues: buds, lateral meristems in the stem,
and root tips. In the normal context of plant quality, bud
dormancy is the primary concern.

7.2.5.1 Bud dormancy 

The notion that nursery stock quality is related to its dor-
mancy status is strongly ingrained in the minds of plant
producers and users, especially foresters. When pressed
to explain this relationship and why it is important, how-
ever, few are able to articulate a clear view of what dor-
mancy is, how it works, or how it affects quality. So, our
intent is to discuss this important concept with the caveat
that dormancy intensity can vary between species and
ecotypes. In particular, plants from higher latitudes and
elevations will show stronger dormancy than those from
lower latitudes and elevations. 

The concept of dormancy. Dormancy is one of the oldest
concepts in plant science. Nursery workers learned by trial
and error that plants could be transplanted and outplanted
most successfully when they were not actively growing. In the
temperate zone, this occurs in winter, so nurseries have tradi-
tionally harvested stock then. The concept of the “lifting win-
dow” was developed by harvesting and outplanting seedlings
from late fall through early spring and measuring survival and
growth (Jenkinson and others 1993). These trials supported
the traditional practice of harvesting during midwinter, and
people interpreted these results to mean that plants were most
“dormant” during this period. As we will show, however, this
concept of a midwinter dormancy peak is not correct.

Defining dormancy. Dormancy can be broadly defined as
a state of minimal metabolic activity, or any time that a
plant tissue is predisposed to grow, but does not
(Lavender 1984). In other words, dormancy is that condi-
tion in which plant growth—cell division and enlarge-
ment—is not occurring. In horticulture, dormancy can
refer either to seed dormancy or plant dormancy. In the
published literature, plant dormancy has been studied
much less than seed dormancy but plant dormancy is
what we are concerned with here. 

Two kinds of plant dormancy are recognized:

External dormancy, also known as “quiescence,”
occurs when environmental conditions (for example,
severe water stress) will not support growth (Lavender
1984). Plants exhibiting imposed dormancy will
resume growth when these unfavorable conditions
improve (when it rains). 

Internal dormancy, or “deep dormancy,” is a condition
in which plants will not resume growth until they
have experienced a long period of exposure to low
temperatures (Perry 1971). This condition is also called
“winter rest.” In this chapter, we are concerned with
deep dormancy and how this physiological condition
affects nursery culture and outplanting success. 

Dormancy refers to tissues, not entire plants. In everyday
nursery jargon we talk about plants, or even entire crops,
being dormant. While this is common terminology, it is
important to understand that plant dormancy refers to a
specific meristematic tissue, usually buds (fig. 7.2.29). In
the same plant, buds may be dormant while the lateral
meristem may not. Root meristems never truly go dormant
and will grow anytime that environmental conditions,
especially temperature, are favorable. Because we are

7.2.5 Performance Attributes
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concerned with quality testing, we will be discussing bud
dormancy, which is most clearly observed in the behavior
of terminal buds.

The dormancy cycle. Perennial plants that grow in tem-
perate regions exhibit a pronounced seasonal “cycle of
dormancy” (fig. 7.2.30A). In spring, as day length and
temperature increase, plant buds begin to exhibit
dimensional increases reflecting both cell division and
expansion—in other words, they begin to grow. Shoot
growth persists through spring and into summer. In
summer, as day length (photoperiod) begins to shorten,
the increasing length of the dark period is perceived by
the phyto-chrome system in leaves as a signal to begin
preparing for winter. At this point shoot growth slows and
winter bud development proceeds (Burr 1990). By early
fall, some plants form a dormant bud and exhibit other
morphological changes, such as leaf color change and
abscission in hardwood stock (fig. 7.2.30A), increased
needle waxes on conifer needles (fig. 7.2.30B), and pur-
plish needle color in other plants. These visual changes
should not be considered proof of dormancy, however, as

Figure 7.2.30—The buds of perennial plants in the temperate zone, including forest and conservation nursery stock,
undergo a seasonal cycle of shoot growth and dormancy. Note that peak dormancy occurs in late fall instead of midwin-
ter, as is often believed, and that dormancy is released by cumulative exposure to cold (“chilling requirement”). Some dor-
mant plants exhibit morphological changes: firm “winter buds” and bluish needles due to waxy deposits (B), and purplish foliage
in others species. Due to extreme variation among individuals (C), these color changes cannot be used to predict dormancy.
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considerable variation occurs among individuals in the
same seedlot (fig. 7.2.30C). In a study with Scots pine
seedlings, no predictive relationship could be developed
between purplish foliage and cold hardiness test results
(Toivonen and others 1991).

The chilling requirement. In late summer, plant buds
enter the condition of imposed dormancy. As summer
surrenders to autumn, imposed dormancy gradually gives
way to deep dormancy and buds reach maximum dor-
mancy in late fall (fig. 7.2.30A). As we just mentioned,
dormancy is then released by exposure of the plants to an
extended period of low temperatures; this is known as a
“chilling requirement” and is sensed by the buds. This
evolutionary adaptation ensures that plants will not
resume shoot growth (break bud) during a midwinter
warm spell only to be killed by a return of cold weather.
Once this chilling requirement is satisfied, warm spring
temperatures and, to a lesser extent, lengthening photo-
period, will trigger and sustain a resumption of shoot
growth (Campbell 1978). Although temperatures in the
range of about 3 to 5 °C (37 to 41 °F) are most efficient at
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Figure 7.2.31—Chilling temperatures and their efficiency
at breaking bud dormancy (modified from Anderson and
Seeley 1993). Note that temperatures in the range of
refrigerated storage (–1 to +1 °C [30 to 33 °F]) release
dormancy very slowly.
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Figure 7.2.32—The “dormancy meter” was an attempt to
find a simple and easy way to measure dormancy and to
determine when plants were ready for harvest. Opera-
tional testing showed that such devices were unreliable.

releasing bud dormancy (Anderson and Seeley 1993),
temperatures above and below this range also are effec-
tive to a lesser degree (fig. 7.2.31). 

Orchardists and other horticulturalists have developed
elaborate models to predict the date of flower bud open-
ing in cold-sensitive crops such as peaches (see, for
example, Richardson and others 1974). These models take
into account the efficiency of chilling and the fact that
warm interruptions during late fall can negate some
chilling that has occurred up to that time. In forest and
conservation nurseries, however, a simpler process for
calculating chill sums or chilling hours is often used.
The details are given in the following section.

Measuring dormancy. Because of the tremendous impor-
tance of measuring dormancy to nursery management,
many attempts have been made to develop a simple way
to measure it. As we will now discuss, this objective has
been elusive.

Dormancy meters. In the 1970s, researchers observed that
changes in electrical resistance of plant tissue provided a
useful way to determine whether tissues were injured or
dead. Building on these observations, they constructed a
“dormancy meter” (fig. 7.2.32) with the objectives of
measuring dormancy in fall and telling nursery managers
when it was safe to harvest their stock. Unfortunately,
subsequent tests showed that these meters were unreli-
able (Timmis and others 1981). The idea of a simple
“black box” quality test is still attractive, but it is doubtful
that any equipment or technique will be able to instanta-
neously measure bud dormancy.

Chilling sums. This is the easiest and most practical
method for estimating the intensity of bud dormancy and
is based on the chilling requirement just discussed.
Chilling sums have immediate application, because they
can be used to establish harvesting windows or monitor
bud dormancy as it weakens during winter. The concept
is logical enough: the cumulative exposure of plants to
cold temperatures controls the release of dormancy. So,
by measuring the duration of this exposure, it is possible
to estimate the intensity of dormancy indirectly. 

In actual practice, chilling hours, or degree-hardening-
days (DHD), have been used. The process involves meas-
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Day Base temperature (°F) Daily temperatures (°F) Degree days Chilling sum

Maximum Minimum Average

One 40 40 20 30 10 10

Two 40 45 35 40 0 10

Three 40 50 40 45 0 10

Four 40 40 30 35 5 15

uring the temperature each day and calculating the
amount of time below a specific reference temperature. A
method sometimes used in forest and conservation nurs-
eries is to simply count the number of hours during
which the air temperature is at or below a threshold
value, such as 5 °C (41 °F) (Ritchie and others 1985).
Reference temperatures will vary with nursery location
and species; for example, 8 °C (46 °F) has been used
for southern pines (Grossnicle 2008). One shortcut
method is to record the daily maximum and minimum
temperatures, average them, and subtract this average
from the base temperature. Note that, when calculat-
ing chilling sums, only negative values are recorded
(table 7.2.9).

Bud break test. The more dormant a plant is, the more
slowly the terminal buds will resume growth (break)
under ideal growing conditions. This phenomenon forms
the basis of the only direct way of measuring dormancy
intensity—the bud break test. With access to a green-
house or other growth-promoting structure that can main-
tain ideal growing conditions through the winter, the
intensity of dormancy in nursery stock can be measured
by observing days to bud break (DBB) in this “forcing”
environment. 

The procedure is relatively simple. Grow plants to
shippable size and, in the late summer, harden them to
the fully dormant condition by exposing them to ambi-
ent conditions. By early fall, plants typically have
formed a dormant bud and exhibit the other morpho-
logical changes, such as leaf color change and abscission
in hardwood stock (fig. 7.2.30A) and increased needle

waxes on conifer needles (fig. 7.2.30B). Place a tem-
perature recording device at plant height and check
temperatures at least weekly to compute chilling sums
(table 7.2.9). 

Set the environmental controls in the testing greenhouse
to maintain spring forcing conditions with warm days,
cool nights, and long photoperiods created with photo-
period lights. Then, beginning around Halloween, harvest
a sample of plants, pot and label them, and bring them
into the forcing greenhouse. Keep the sample plants
watered and count the number of days required for the
terminal buds to resume growth—this is DBB. Repeat this
process at every major holiday: Thanksgiving (late
November), Christmas (late December), New Year’s Day
(early January), Valentine’s Day (mid-February), and St.
Patrick’s Day (mid-March). Starting at the first sample date
in September, keep track of the sum of chill hours, all
hours when the temperature was, say, 5 °C (41 °F) or
lower throughout this test period.

When finished, plot the DBB values over the chilling
sums. The number of days required for the terminal buds
to break is a direct measure of dormancy intensity. (Note:
the Halloween plants may never break bud.) It is likely
results will be similar to those shown in figure 7.2.33,
which came from coastal Douglas-fir in western
Washington and Oregon (Ritchie 1984a) and are in agree-
ment with the general curve proposed by Lavender
(1984). As the chilling sum accumulates during winter, the
DBB will shorten dramatically. Similar experiments with
many tree species, including several hardwoods (birch,
dogwood, hawthorn, and oak) have yielded similar results

Table 7.2.9—An example of how to calculate chilling sums using degree days, calculated from an average of daily 
maximum and minimum temperatures and a 40 °F (4.5 °C) base temperature
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(Sorensen 1983, Lindqvist 2000). After this curve has been
developed for a nursery, it can be used subsequently to
estimate dormancy intensity for a given species and seed
zone directly from chilling sums. 

From this experiment, it is clear that bud dormancy inten-
sity is very high in fall and drops sharply in early winter,
in contrast to the common misconception that deepest
dormancy occurs in midwinter when plants are most
stress resistent. In addition, this test illustrates that there is
no simple “chilling requirement” for any species. Rather,
there is a curvilinear relationship between chilling and
dormancy in which more chilling will result in more rapid
budbreak under forcing conditions. For example, Douglas-
fir seedlings with only 800 hours of chilling exposure will
eventually break bud, but not nearly as rapidly as those
exposed to 2,000 hours of chilling (fig. 7.2.33).

Calculating the dormancy release index. Now that DBB
for a given crop can be estimated from chill sums,
how is this information used? If DBB were measured
on a group of Douglas-fir seedlings that were fully
released from dormancy (that is, the chilling require-
ment was completely fulfilled), the buds would break
in about 10 days. Taking this number as the denomi-
nator, an index can be calculated that expresses the
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dormancy intensity on a linear scale:

Dormancy release index (DRI) = 10/DBB  

DBB is the days to bud break of a test group of plants as
described in the experiment above.

Buds at peak dormancy have a DRI value near zero (for
example, DRI = 10/300 = 0.03). As dormancy weakens,
DRI approaches 1 (for example, DRI = 10/15 = 0.67). This
relationship is shown in figure 7.2.34. DRI is useful
because it transforms the curvilinear relationship between
dormancy intensity and chilling sum to a more useable
linear form. This linear regression can then be used to
provide a benchmark and common scale for comparing
stock lots in a given plant species.

McKay and Milner (2000) developed a variation on this
approach; they estimated DRI by counting the days required
for 50 percent of the terminal buds to break in Sitka spruce,
Douglas-fir, Japanese larch, and Scots pine. Their results also
closely resemble those of figure 7.2.34. The DRI has been
particularly useful as an indicator of plant stress resistance—
a key performance attribute. We will discuss this relationship
and how it is used in Section 7.2.5.2.

Figure 7.2.34—Because days to bud break (DBB) over chill
sum is a curvilinear relationship, it is useful to convert it to a
linear dormancy release index (DRI). In this example, DRI =
10/DBB because Douglas-fir seedlings resumed growth
(broke bud) in 10 days when their full chilling requirement
was satisfied (modified from Ritchie 1984a).

Figure 7.2.33—The only reliable test for bud dormancy
intensity is a bud break test that can be performed by har-
vesting plants at regular intervals during late fall and win-
ter and bringing them into a greenhouse. As they break
bud, the number of days to bud break (DBB) is plotted
against the chilling sum for each lift date. The data shown
are typical of Douglas-fir nursery seedlings (modified from
Ritchie 1984a).
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Measuring mitotic index. In our definition of dormancy,
we stressed that dormancy referred only to buds or other
plant meristems (fig. 7.2.29). Laboratory techniques have
been developed to measure the number of meristematic
cells that are dividing at any given time (fig. 7.2.35A).
Although primarily used for research purposes, these
measurements also illustrate dormancy patterns. 

For example, the tips of terminal shoots and long roots of
bareroot Douglas-fir seedlings were excised and, after
examining meristematic cells with a 400X microscope, a
mitotic index was calculated (O’Reilly and others 1999).
The results indicate that terminal bud activity shows a
definite seasonal pattern; cell division slows gradually in
fall and stops completely during winter. With warmer
temperatures and longer days in late winter and early
spring, cell division begins to increase rapidly (fig.
7.2.35B). This is in direct contrast to the patterns of root
meristem activity, showing that roots never become truly
dormant but will grow whenever soil temperatures permit
(fig. 7.2.35C). Although useful to researchers, this test is
too time consuming to be used operationally.

Bud size and development. Although bud size and devel-
opment are not, in themselves, indicative of the intensity
of bud dormancy, they have traditionally been viewed by
nursery managers as an indicator of plant quality. For
example, a bud length measuring protocol was developed
by the Ontario Ministry of Natural Resources as part of

Figure 7.2.35 —Measuring cell division rates in buds (A) is a laboratory measure of dormancy. Shoot activity over 4 years
shows a characteristic pattern of inactivity during winter (B), but roots (C) continue to grow whenever conditions are
favorable (modified from O’Reilly and others 1999).

their former quality testing service. The process involves
cutting buds in half and counting needle primordia. At the
end of the hardening phase, low numbers of primordia
were interpreted to indicate stressful conditions and
increased susceptibility of overwinter damage. Conversely,
seedlots having buds with large numbers of needle pri-
mordia were rated as being of higher quality (Colombo
and others 2001). 

Dormancy: Summary. Although the term “dormant
plants” is common in nursery jargon, dormancy refers
only to meristematic tissues of the shoot: buds and lateral
cambium. Bud dormancy has been studied most intensively
and is of major interest to plant producers and users.

Forest and conservation nursery crops, like all perennial
plants, undergo an annual cycle of activity. In late sum-
mer, shortening photoperiods trigger plants to begin the
bud dormancy process that culminates in late fall. This
condition is known as deep dormancy and can be
released by exposure to a period of low temperatures.
This process is known as satisfying the chilling require-
ment, and temperatures in the range of about 3 to 5 °C
(37 to 41 °F) are most efficient. By late winter, the chilling
requirement has been met and buds will break whenever
temperatures permit. 

Unfortunately, bud dormancy cannot be quickly or easily
measured. The only reliable method is to conduct a bud
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Figure 7.2.36—This classic illustration shows that bud dor-
mancy and stress resistance follow similar bell-shaped trajec-
tories but occur at different times. Comparison to the tradi-
tional midwinter lifting window shows that stress resistance
is a better indicator of when to harvest (lifting window) and
store nursery crops (modified from Lavender 1984).

break test by bringing samples of plants into a forcing
greenhouse at regular intervals throughout winter and
recording the days required for the buds to break (DBB).
After the relationship between DBB and chilling has been
developed for a nursery, it can be used to establish har-
vesting windows and to estimate the dormancy intensity
of crops during subsequent winters.

A useful index of dormancy intensity, the dormancy
release index, makes the DBB information more practical
by converting the data to a straight line.

Although we lack a rapid test for bud dormancy, it can be
estimated from the known relationship between chilling
and dormancy intensity as measured by DBB. Nurseries
can measure the chilling requirement for their various
crops and use this information to monitor the release of
bud dormancy. 

7.2.5.2 Stress resistance

In the previous section, we indicated that dormancy is
closely related to stress resistance (SR). From an operational
standpoint, we will introduce some techniques that nursery
managers can use to estimate the relative SR of a crop at
any point during the harvesting-to-outplanting process. 

The concept of stress resistance. Plants are subjected to a
variety of stresses (mechanical stresses, root exposure,
rough handling, and desiccation, to name just a few) from
the time they are harvested in the nursery to when they
are outplanted. Nursery managers use a variety of cultural
techniques, collectively termed “hardening-off,” to pre-
pare their stock to tolerate these stresses. Realizing its
importance and practical applications, plant physiologists
have been studying SR for almost 40 years. 

Hermann (1967) determined that SR was related to root
system function in bareroot stock, and Lavender (1984)
showed that SR varies seasonally, reaching a midwinter
peak after bud dormancy intensity has begun to decline
(fig. 7.2.36). The data for this seasonal curve came
mainly from outplanting trials, which is why it corresponds
exactly with the traditional midwinter lifting season. 

Obviously, nursery managers want to maximize SR in their
crops and maintain this condition until they are shipped to
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their customers for outplanting or transplanted back into
the nursery. But how can they measure or estimate SR, and
how can they culture their crops to achieve maximum SR?

Measuring stress resistance. A quick and easy way to
measure the SR of nursery stock would be an invaluable
tool, and there have been many attempts to develop a test
to ascertain this important aspect of quality. 

Stress tests. During the 1970s and 1980s, several attempts
were made to develop quick tests of SR. For example, a
stress test was developed at Oregon State University
(McCreary and Duryea 1984) that consisted of harvesting
plants, potting them, and exposing them to stressful condi-
tions, mainly high temperature, low humidity, and low soil
moisture. After a predetermined time, plants would then be
moved into a greenhouse and, after several weeks, be
assessed for survival, root growth, bud break, and other
indicators of vigor (fig. 7.2.37). Despite some promising
early results, the outcomes of literally hundreds of such
tests proved difficult to interpret and not very repeatable.
Accordingly, this quality test was abandoned.
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environment, but they must be able to express growth
potential without confounding effects of browsing, water
stress, or weed competition. A bareroot nursery bed that
is watered regularly and kept weed free is ideal. The
test plants are set out in replicated blocks along with
nonstressed controls of similar initial size from the same
seedlots or families.

3. Evaluating the impact of the stress treatment by com-
paring the performance of the stressed plants to that of
nonstressed controls after a predefined time period, typi-
cally one complete growing season. The assessment can
be as simple as measuring shoot growth or as complicat-
ed as destructively sampling the entire plant and measur-
ing total biomass. We have found that removing the shoot
of the plant and determining its dry weight is a good basis
for comparison. In this approach, SR is characterized as
the difference in growth between the stressed plants and
nonstressed controls. A helpful way of expressing this dif-
ference numerically is by calculating a stress injury index
(SII) using the first-year shoot growth of the stressed (Gs)
and nonstressed control seedlings (Gc):

SII = 100 – (Gs/Gc x 100)

The SII expresses the percentage reduction in top growth
resulting from stress injury, and so, the lower the value,
the higher the stress resistance of the test plants (Ritchie
and others 1985). 

Using cold hardiness tests to estimate overall stress 
resistance. Decades of nursery experience have shown
that, when plants are at their maximum state of hardiness,
they are the most resistant to the many stresses of harvest-
ing, handling, storage, shipping, and outplanting. In fact,
recent genetic research has revealed that some of the
same (dehydrin) gene complexes that are involved in cold
acclimation also play a key role in resistance to water
stress (Wheeler and others 2005). 

Container nurseries in western Canada use a “storability
test” to determine if plants are physiologically ready for har-
vesting, packaging, and cold storage (Simpson 1990).
Essentially, if plants are cold hardy to a threshold tempera-
ture of –18 °C (0 °F), then they are ready to withstand the
stresses of storage. A more recent modification that uses
chlorophyll fluorescence (see Section 7.2.4.4) to determine

Figure 7.2.37—Stress tests involve harvesting seedlings
and exposing them to a stressful environment. At Oregon
State University, the stress was a dry, hot greenhouse.

Another more elaborate and more time-consuming,
but more accurate, method of measuring SR involves a
procedure similar to cold hardiness testing (Ritchie
1986). It consists of three sequential steps:

1. Exposing plants to a controlled stress treatment. The
most commonly used stress treatments employ some sort
of controlled trauma to root systems. This might involve
exposure to high or low temperatures, prolonged drying,
or a simulation of rough handling, such as dropping or
tumbling. 

2. Outplanting stress-treated plants into a natural environ-
ment where their growth response to the treatment can
be expressed. By “natural,” we mean the plants should
be growing in soil and exposed to the ambient outdoor
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Figure 7.2.38—Both bud dormancy, as measured as days
to bud break (DBB), and stress resistance, as measured
by cold hardiness tests, can be used to determine the best
time to harvest nursery stock (lifting window). Cold hardi-
ness tests, however, are so much quicker and easier that
they have become the standard test for lifting and subse-
quent refrigerated storage.

if tissue damage has occurred and produces results up to 6
days earlier than visual evaluation (L’Hirondelle and others
2007). Because this method tests plant samples directly, it
has proved to be a reliable predictor of outplanting perform-
ance (Kooistra 2003). A similar storability test based on FIEL
is used in container nurseries in Ontario (Colombo 2009).
To use this test in a more temperate or coastal area, a higher
temperature threshold would need to be determined. 

Using chilling hours to predict stress resistance. It is
intuitive that SR is very closely related to dormancy, and
this has been verified by plant physiology research
(Ritchie 1986, 1989; Ritchie and others 1985). As dor-
mancy intensity weakens through winter in response to
chilling, SR gradually increases to a midwinter high. Then
it falls rapidly as dormancy is fully released and spring
approaches (fig. 7.2.38). The physiological mechanisms
behind this relationship are not fully understood, but it is
repeatable from year to year with different crop types
(bareroot and container) and species (Douglas-fir, pines,
spruces, some hardwoods) and across nurseries (Burr and
others 1989; Cannell and others 1990; Ritchie and others
1985). This means that if you can track the dormancy sta-
tus of a crop through winter, this information can be used
to estimate SR without measuring it directly. 

As discussed in the previous section, bud dormancy
peaks in fall and is released gradually during winter as
plants are exposed to low temperatures—the “chilling
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peak and SR is 
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requirement.” Transforming this curvilinear relationship
into a linear dormancy release index (DRI) makes it much
easier to use. The DRI is 0 at peak dormancy in fall, and
approaches 1 as dormancy is released in spring.

Research with Douglas-fir has revealed a consistent
relationship between DRI and SR (Ritchie 1986). In
early winter, when DRI is in the range between 0 and
about 0.25, SR is low but increasing. Between DRI 0.26
and 0.40 (midwinter), SR reaches a seasonal high, but
when DRI exceeds 0.40 (early spring), SR declines and
plants become very susceptible to damage. These results
lead to the definition of three seedling quality classes
based on dormancy intensity and SR (table 7.2.10). 

After the relationship between chilling and DRI has been
established for a given species in a given nursery, it can be
used to estimate SR at any point during the winter for sub-
sequent crops at that nursery. Let us say, for example, that it
is late December and your nursery chilling sum is about
1,000 hours. Using figure 7.2.39, you would estimate that
DRI was approaching 0.2. From table 7.2.10, we see that
stock at this time is in SR Class 2—not yet peaked, but will
improve with more chilling. Now, let’s say it is February
and you have about 2,000 hours of chilling at your nursery.
DRI is about 0.38, indicating that SR is in the seasonal high
range but will soon begin to decline. 

Table 7.2.10—Seedling quality classes based on dormancy
release index (DRI) and stress resistance (SR) (modified
from Ritchie 1989)
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Figure 7.2.39—Graph showing how the chill sum at time
of lifting, combined with time in cooler or freezer storage,
can be used to predict the dormancy release index (DRI)
and stress resistance class (table 7.2.10), of planting stock.
The graph is entered on the X-axis at the nursery chill sum at
which seedlings were placed into storage. The storage dura-
tion is found on the Y-axis. These lines intersect at the DRI
value of the seedlings at that time. Their quality class can
then be read from the Y-axis (modified from Ritchie 1989).

Adjusting for the added effect of refrigerated storage. For
crops transplanted or outplanted without cooler or freezer
storage (“hot-planted”), DRI is very useful. You simply
look at the chilling sum at any point and, from it, estimate
stress resistance. But many nursery crops are refrigerated
from a few weeks to several months before transplanting
or outplanting. So, how does that affect SR? 

The low temperatures in refrigerated storage are within
the chilling range; hence, they contribute to dormancy
release. They do so inefficiently, however, because storage
temperatures are below the optimum chilling temperature
(Ritchie 1984a, van den Driessche 1977). Therefore,
refrigerated storage has the effect of slowing the release of
dormancy. This means that plants harvested and placed
into refrigerated storage will pass through SR Classes 2, 1,
and 3 more slowly than they would if left in open con-
tainer storage (see Chapter 7.4). Plants that are kept in
freezer storage accumulate very little chilling because
temperatures are well below optimum. These plants must
have already accumulated an adequate level of chilling
prior to being placed in storage.

To use the graph, select total ambient chilling hours from
a nursery on the X-axis. For this example, let us use 1,000
hours. At this point, the stock will have a DRI value of
about 0.20, placing it in Quality Class 2 (table 7.2.10).
Now, if the plants are held in refrigerated storage for
about 4 weeks, they will enter Class 1 and have even
higher SR. However, if these same plants had been held
in the nursery for a few more weeks until they accumulat-
ed over 1,300 hours of chilling, they would exceed the
DRI limit of 0.25 and enter Class 1 and have maximum
SR. Then, if they were placed in freezer storage, they
could be held for at least 15 weeks (right axis) before
their DRI approached 0.40 and their quality dropped to
Class 3. (Note: as a rule of thumb, cooler storage should
not exceed 6 weeks. If storage longer than 6 weeks is
needed freezer storage should be used—see Chapter 7.3.)

On a practical basis, figure 7.2.39 integrates the effect of
both harvesting date and storage duration on DRI and,
hence, stress resistance. If the chill sum at the time of
harvesting is known, then storage duration can be
planned to deliver stock when it is at maximum SR: Class
1. If the planned outplanting date is known, then lift date
and time in storage can be prearranged to deliver stock
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to the outplanting site so it will be in Class 1. This graph
illustrates the very important point that, for outplanting
sites that cannot be accessed until late, early winter lifting
with overwinter freezer storage is preferable to late spring
lifting with or without storage.

Application to other species and regions. The data that
were used to produce figure 7.2.39 came from coastal
Douglas-fir seedlings from four different seedlots (high
and low elevation lots in both Washington and Oregon)
that were grown in two different coastal nurseries
(Washington and Oregon). These results have been opera-
tionally tested with Douglas-fir crops from other seedlots
and during other growing seasons with consistent results.
Therefore, for West Coast nurseries raising Douglas-fir,
figure 7.2.39 is a very handy way of estimating SR from
chilling hours. 

For interior or northern nurseries, however, the relationship
between chilling and DRI may be quite different. This was
tested in an interior west Canadian nursery with lodgepole
pine and interior spruce (Ritchie and others 1985). The
results showed that chilling began to accumulate earlier in
fall and that more chilling accumulated throughout winter.
The results also suggested that these species may require
more chilling hours for full dormancy release than coastal
Douglas-fir, similar to results with ponderosa pine (Pinus
ponderosa) (Wenny and others 2002). Nevertheless, the
overall relationships (if not the same numbers) shown in
figure 7.2.39 were similar to what has been found with
Douglas-fir. Therefore, to accurately predict SR from chill-
ing hours for other species and nurseries, a chilling-DRI
“calibration curve” needs to be developed.

Stress resistance: Summary. Stress resistance (SR) is an
important, but elusive, performance attribute that
describes a plant’s ability to tolerate the stresses associat-
ed with harvesting, handling, storing, and outplanting. SR
varies seasonally; it is low in fall, high in midwinter, and
low in spring.

SR is very laborious to measure, so no operational test is
currently being used.  However, because the seasonal
pattern of SR closely coincides with the pattern of cold
hardiness, standard cold hardiness tests can provide quick
and useful estimates of SR.

Studies have shown that SR is related to dormancy inten-
sity expressed as a dormancy release index (DRI). When
DRI is in a range between 0 and about 0.25, SR is low
but improving. Between DRI 0.25 and 0.40, SR is at a
seasonal high. Above DRI 0.40, SR is declining. Most
important, this relationship tends to be consistent whether
or not plants have been stored.

Because cooler and freezer storage slows the release of
dormancy, storage prolongs the period of high SR. These
relationships can be used to schedule harvesting and stor-
age in order to deliver stock to the planting site that has
very high resistance to stress. Although most of this
research was done with bareroot stock of commercial
conifers, the basic principles should apply to container
plants of other species. 

7.2.5.3 Root growth potential 

Although Wakeley (1954) published the first account of
the relationship between new root growth and plant qual-
ity, it was Stone (1955) who, after experimentation,
coined the term “root regenerating potential” to describe
his new indicator of seedling physiological quality. 

Basing their effort on Stone’s original research, other
workers began developing and using this method of plant
assessment (for example, Burdett 1979; Jenkinson 1975).
A comprehensive review of root growth potential (RGP)
by Ritchie and Dunlap (1980) was responsible for a flurry
of new research and adoption of RGP as the first perform-
ance quality test used operationally in forest nurseries.
Because of this wide interest, a chapter on Assessing
Seedling Quality in the Forest Nursery Manual (Duryea
and Landis 1984) featured a discussion and strong
endorsement of RGP (Ritchie 1984b). Further reviews
(Duryea 1985; Ritchie 1985; Ritchie and Tanaka 1990)
made this test the most popular and widely used quality
test (fig. 7.2.40A). RGP tests have been employed world-
wide and have been the subject of much discussion
(Binder and others 1988; Landis and Skagel 1988; Sutton
1983) and even debate (Simpson and Ritchie 1997). 

RGP test procedure. The RGP test consists of placing a
random sample of plants into an environment that pro-
motes rapid root growth. After 7 to 28 days, the plants are
evaluated for new root growth. In the following section, we
examine each step in the process.
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Sampling. As with all tests, if sampling is biased (not ran-
dom), test results will be meaningless. The number of
plants used in a typical RGP test is quite small and should
be randomly selected from the population at large in order
to be as representative as possible. A sample of 60
seedlings, which is the number usually required by testing
laboratories, is only 0.12 percent of a moderately sized
seedlot of 50,000 seedlings. A 25- to 30-plant sample
would be a minimum number to evaluate.

It is simple in principle to collect a random sample when
plants are still in containers or on the grading table, but
sampling becomes more difficult after stock has been pack-
aged and stored. When cooler stored, it is operationally dif-
ficult to sample from bagged plants, because a number of
bags must be accessed, opened, and the sample collected
from throughout the bag, not just from the top layer of
plants. Sampling during freezer storage requires special
packaging (Landis and Skagel 1988).

Time of sample collection. Tests performed on plants at the
time of harvesting are useful to evaluate nursery cultural
practices but may not reflect the condition of the plant at
time of outplanting. If you are interested in outplanting per-
formance, then the best time to sample is as close to the
time of outplanting as operationally possible (Landis and
Skagel 1988).

Test environment. The testing environment is particularly
important because it must provide conditions that are near
“optimum” for root growth (Landis and Skagel 1988). The
temperature should be 19 to 25 °C (66 to 77 °F). The rooting
medium should be well aerated and watered, and there
should be adequate light and long days. Because these factors
will affect test results, it is important to maintain consistent
conditions across tests, although this can be difficult. 

Three types of test environments have been used: 

Pots in greenhouse—Most quality-testing facilities use
this method, in which plants are potted in 3.8 to 7.6
liter (1 to 2 gal) containers filled with a well-drained
artificial growing medium. The pots are kept well irri-
gated in a greenhouse (fig. 7.2.40B) for the duration
of the testing period (Ritchie 1985; Tanaka and others
1997). After 7 to 28 days, the growing medium is
washed from the roots (fig. 7.2.40C) and the amount
of new root growth is rated.

Hydroponic—Plants are suspended with their roots in
warm, aerated water, such as in an aquarium. This
method has found use with several deciduous hard-
wood species (Wilson and Jacobs 2006).

Aeroponic—Plants are suspended in a closed cham-
ber while warm water mists the roots (fig. 7.2.40D).
Forest Service nurseries have used this technique with
good results (Rietveld and Tinus 1990). One benefit is
that the rack of plants can be easily removed from the
misting chamber to monitor root development during
the test period (fig. 7.2.40E).

Evaluation. After the test is completed, new root growth
must be quantified. Researchers have attempted to short-
cut this tedious process using photography, dyes, root vol-
ume measurements, and other approaches. Despite this,
the tried-and-true “root count” technique has prevailed.
This involves visually estimating the number of new roots
greater than 1 cm (0.4 in) long on the plant. An experi-
enced technician can do this in a few minutes. This count
can be reported as a raw number (for example,120 roots
per plant) or transformed into an index such as reported
by Burdett (1979) and modified by Tanaka and others
(1997) (table 7.2.11). Root numbers and total root length
are usually well correlated.

RGP as a predictor of ouplanting performance. Inter -
pretation of the results of RGP tests remains challenging. A
common misconception has been to assume that RGP
results directly predict outplanting performance. In other
words, high RGP always ensures high survival, while low
RGP always ensures low survival (fig. 7.2.41A). At best,
RGP is positively correlated with survival only about 75
percent of the time (Ritchie and Dunlap 1980, Ritchie and
Tanaka 1990). Sometimes these correlations are weak,
sometimes strong. Binder and others (1988) found no
correlation between RGP and outplanting mortality in
8,600 operational trials in British Columbia. This is because
the outplanting environment (which is usually very different
from the RGP testing environment) has an overriding influ-
ence on performance (Binder and others 1988; Landis and
Skagel 1988; Simpson and Ritchie 1997; Sutton 1983).
Performance of low-RGP stock on harsh sites and of high-
RGP stock on mild sites is usually predictable. However,
performance of low-RGP stock on mild sites and high-RGP
stock on harsh sites is not (fig. 7.2.41B). 
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Figure 7.2.40—Because the relationship between new roots and outplanting success is intuitively important (A), the root
growth potential test quickly became the most popular and widely used assessment of plant quality. One testing proce-
dure involves growing test plants in pots in a greenhouse (B), washing roots (C), and then rating the amount of new root
growth. In the second procedure, test plants are supported in a mist chamber (D) and then measured for the length and
number of new roots (E).
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It seems intuitive that for a newly outplanted plant to sur-
vive and grow, it must rapidly regenerate new roots in
order to maintain an adequate water balance. This logic
has been used to explain why RGP can be expected to
predict survival. Simpson and Ritchie (1997), however,
point out that newly planted stock is almost never able to
grow roots after outplanting because, although soil mois-
ture may be high, soil temperature during the winter or
early spring planting season in most places is far below
the threshold temperature for root growth (fig. 7.2.41C).
Under these conditions, the existing root system is ade-
quate to supply water to the plant until the soil warms
and roots begin to grow (McKay 1998). Therefore,
whether or not new root growth occurs immediately after
planting is of little consequence to field performance.

Why RGP often works. The discovery that many conifer
seedlings, especially Douglas-fir, require mainly current
photosynthate for new root growth (van den Driessche
1987, 1991) has provided a rationale for interpreting RGP
test results. For a plant to grow new roots in the test envi-
ronment, the foliage must be photosynthesizing (fig.
7.2.42). Therefore, the stomata must be open, the leaves
must be healthy, and the photosynthetic apparatus must be
functioning properly. Photosynthate must move to the root
system, so the phloem pathway to the roots must be intact,
and the roots themselves must be metabolizing normally. If
any of these systems have been compromised by, say, cold
damage, water stress, disease, photodamage, or other
agents, a depression of RGP will result.

Taken in that light, then, a more realistic view is that RGP
testing is analogous to seed testing, which provides a
snapshot of seed viability at the time seeds are tested. No
one would expect seeds that had 95 percent laboratory
germination to always give 95 percent emergence in the
nursery. But if the test gave an abnormally low value, it
would indicate poor seed viability. This is the model to
use when interpreting RGP test results. The RGP test is a
“red flag” test that identifies stock lots that, for whatever
reason, are not up to par. 

Root growth index (RGI) Number of new roots 1 cm or longer

0 None
1 Some roots but none > 1 cm
2 1–3
3 4–10
4 11–30
5 31–100
6 101–300
7 More than 300

Table 7.2.11—Root growth index (RGI) scale developed by Tanaka and others (1997) to quantify root growth following a
root growth potential (RGP) test
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Figure 7.2.42—Root growth in many conifers depends
on a supply of current photosynthate from the shoot
(van den Driessche 1987, 1991). Any factors that depress
photosynthesis or impede the flow of photosynthate
from leaves to roots will result in reduced root growth
potential.

Figure 7.2.41—Although a good relationship between
root growth potential (RGP) test values and outplanting
success sometimes exists (A), limiting factors on the
outplanting site often prevents good predictability.
Performance of low-RGP stock planted on a harsh site
or high-RGP stock on a mild site is generally predictable.
However, performance of high-RGP stock on a harsh site,
or low-RGP stock on a mild site is not (B). One frequent
problem is that soil temperatures on the outplanting sites
are much lower than the ideal temperatures used in the
testing environments (C) (A, modified from Grossnickle
2000; C, modified from Lopushinsky and Max 1990).

100
0

25

50

75

100

r2 = 0.71

20 30 40 50

Number of new roots (> 1.0 cm)

F
ir
s
t 
y
e
a
r 

s
u
rv

iv
a
l 
(%

)

60 70 80 90 100

600

400

200

0
10 20 300

R
o

o
t 

g
o

w
th

 (
c

m
 /
 s

e
e

d
li
n

g
)

Soil temperature (˚C)

A
B
P
R

P
IC

O

PSM
E

A
B

A
M

ABPR = Abies procera

PICO  = Pinus contorta

PIPO = Pinus ponderosa

PSME = Pseudotsuga
                menziesii

ABAM = Abies amabilis

P
IP

O

A

B

C



67

Root growth potential: Summary. RGP remains the most
popular quality test because it is intuitive, robust, and
simple. Like any test, however, RGP has its limitations.
The major drawback of the RGP test is the long testing
period and the limited predictive ability. RGP tests
provide only a “snapshot in time,” because plant physi-
ological quality can change right up until the stock is
outplanted. 

RGP sometimes predicts survival and other times does
not. This is because site conditions, which are very differ-
ent from the testing conditions, can override stock quality.
RGP does not predict root growth after outplanting, and
root growth after outplanting generally has little to do
with survival.

The RGP test is a valuable test of viability—that is, it
determines whether plants are alive and functional at the
time the test is conducted. RGP test results integrate many
physiological systems in plants, such as stomatal function,
the photosynthetic mechanism, phloem integrity, root via-
bility, seedling nutrition, and so on. If any of these sys-
tems have been compromised, it will show up as a
depression of RGP. 

Regardless of their predictive value, RGP tests have been
done long enough to show that nursery stock with high
RGP values will have great survival and growth (Maki and
Colombo 2001). Results of an RGP test should be inter-
preted in the same way as results of a seed germination
test. It is a “red flag” test that identifies sub-par lots and
may or may not predict field performance.
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Figure 7.2.43—Measuring root growth potential and
chlorophyll fluorescence proved to be a good predictor of
total outplanting performance (survival + shoot growth)
of conifer seedlings (modified from L’Hirondelle and oth-
ers 2007).

As you should have deduced by now, nursery plant quali-
ty is a complicated subject. So, instead of trying to predict
outplanting performance with just one variable, it makes
sense to attempt correlations with two or more plant qual-
ity indices. Research to develop a comprehensive
approach that uses a battery of tests has been done
(Grossnickle and others 1991) but has not been adopted
operationally. Recent research in British Columbia meas-
ured root growth potential, chlorophyll fluorescence, and
stomatal conductance of conifer seedlings and then corre-
lated them singly and in combination with survival and
growth after outplanting (L’Hirondelle and others 2007).
They found that, while survival was highly correlated with
root growth potential (R2 = 0.72), the combination of root
growth potential and chlorophyll fluorescence was a good
predictor of survival plus shoot growth as measured by
dry weight (fig. 7.2.43). We hope more research will be
done in this area to further refine our ability to mathemat-
ically predict nursery stock quality. 
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Figure 7.2.44—Plant quality testing can be done by both
nursery managers and seedling users. The timing of the
various tests will vary with the desired interpretation.
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most useful data. Many growers are resistant to spending
the time or money to collect and test samples in this man-
ner. If you think about it, however, spending a relatively
small amount of time and money on a single, biased test
is simply wasted time and money to generate meaningless
data, whereas spending a little more time and money
using a three R sampling protocol produces valuable data
which can assist with management decisions.

7.2.7.1 Timing 

Each plant quality test we have discussed should be done
at a particular time in the nursery-through-outplanting
cycle. Morphological attributes change as the crops grow
in the nursery but remain constant after harvesting.
Physiological and performance attributes, however, vary
considerably depending on when the measurements are
taken. For instance, plant moisture stress has a pro-
nounced diurnal pattern whereas cold hardiness increases
during the fall and can be lost during refrigerated storage
(Sundheim and Kohmann 2001). Root electrolyte leakage
and chlorophyll fluorescence (CF) are used mainly to
detect damage following a stress event. Therefore, they
should be measured immediately after the event, while
keeping two important considerations in mind. First, to
know whether test results are “normal,” baseline informa-
tion on these variables must be available. That often calls
for routine monitoring of these variables in healthy crops
prior to the stress event. The second, and very important,
point is that plants may require time to exhibit stress
symptoms and also have the ability to recover from stress.
So, for example, CF values measured the day after a cold
event may not give an accurate picture of the damage
sustained by the crop or of its longer-term response.

Both nursery managers and seedling users can use plant
quality tests but would do so at different times. For exam-
ple, a nursery manager would use plant moisture stress to
schedule irrigation and cold hardiness tests to determine
lifting windows and storability, whereas a seedling user
might use plant moisture stress to ensure that nursery
stock was not moisture-stressed prior to outplanting and
cold hardiness tests to indicate overall stress resistance
before outplanting (fig. 7.2.44). 

7.2.7.2 Sampling

Proper sampling is critical to effective seedling quality
testing. If the sample is biased, the test results will be
biased and therefore worthless. One wonders how many
of the quality tests that failed to predict field performance
were conducted on samples that did not adequately rep-
resent the populations from which they were drawn. It is
important to follow the “three Rs” of sampling: random,
replicated, and representative. Multiple samples collected
randomly from throughout a given crop will yield the

7.2.7 Limitations of Plant Quality Tests
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7.2.7.3 Unreasonable expectations

It is important that plant producers and users employ the
right test at the right time and that they remain aware of
the pitfalls of reading too much into test results. A discus-
sion of this topic can be found in Simpson and Ritchie
(1997) who propose the following conceptual model of
field performance:

Field performance = f (SC, PM, SR, PV)

where:

SC = site conditions (all physical, chemical, and biologi-
cal characteristics of the site during and after planting),

PM = plant morphological attributes (stem diameter and
height, shoot-to-root ratio, root quality, and so on),

SR = stress resistance (ability to withstand stresses associ-
ated with harvesting, storage, handling, and planting), and 

PV = plant viability (freedom from disease, injury, or
stress-induced disorders); plant “functional integrity”
(Grossnickle and Folk 1993) is a good way to express this
idea.

Obviously, quality testing does not provide informa-
tion on SC, but it can yield detailed information on
PM and can offer insights on SR through monitoring of
cold hardiness and dormancy intensity. PV can also be
approximated using root growth potential, chlorophyll
fluorescence, root electrolyte leakage, and, to some
extent, plant moisture stress. 

With this “package” of available quality tests and proto-
cols, nursery managers have sufficient tools to make more
than an educated guess about the quality of any given
stock lot at any given time. But, it should be remembered
that quality must be viewed within the context of site
conditions that can never be fully predicted. 
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7.2.8 Commercial Plant Quality Testing Laboratories

Several of the tests enumerated above can be adminis-
tered on the nursery site (for example, root electrolyte
leakage, root growth potential, chill sum accumulation).
Certain tests (for example, cold hardiness and chlorophyll
fluorescence), however, require elaborate and expensive
equipment. Seedling quality laboratories typically use
equipment such as growth chambers, which generate
more uniform, replicable test conditions. Using a testing

service has the added benefit of providing an independent
assessment of seedling quality. Over time, these assess-
ments can be organized in a database to reveal patterns
that might not otherwise be apparent (Colombo 2009). 

At the time of this writing (2009), we are aware of four
laboratories in North America that provide quality testing
services. They are listed in appendix 7.2.1.
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Plant quality is divided into three broad categories of
attributes: morphological, physiological, and perform-
ance. Morphological attributes are easy to see and meas-
ure and do not change readily after plants are harvested
and stored. Container size and plant density have the
most pronounced effects on morphology. Although many
characteristics may be measured (for example, shoot
height, stem diameter, biomass) and ratios of those char-
acteristics can be calculated (for example shoot-to-root
ratio), shoot height and stem diameter are the most fre-
quently measured morphological traits and the most com-
monly used grading criteria. Initial shoot height tends to
be correlated with height growth after outplanting, where-
as initial stem diameter is better correlated with survival. 

Physiological attributes are not readily visible and require
specialized equipment and testing to ascertain. Evalu-
ations of plant moisture stress, cold hardiness, root elec-
trolyte leakage, and chlorophyll fluorescence are most
common. 

Plants lose water more rapidly through transpiration
than they can absorb from the soil, putting the plants
under “plant moisture stress” (PMS). This level of stress
can be quantified by using a pressure chamber. Although a
direct correlation between PMS and any of the classical
plant quality indicators is lacking, nursery managers can
use pre-dawn PMS measurements to schedule irrigation
and to monitor stress during hardening, harvesting, and
outplanting. 

Development of cold hardiness in nursery stock is trig-
gered by changes in photoperiod in late summer and
increases rapidly in late fall and early winter as plants
experience lower temperatures. For temperate zone
plants, peak hardiness occurs in January and is quickly
lost as photoperiods lengthen and temperatures increase.
Different plant parts may have different cold hardiness
levels; buds are generally most cold hardy while roots are
the least. Cold hardiness levels can be determined using a
whole plant freeze test, freeze-induced electrolyte leakage
(FIEL), or analysis of genetic indicators. Results from testing
can be used by nursery managers to decide safe windows
for harvesting, to provide necessary frost protection, and as
a surrogate for estimating overall stress resistance.

Assessing root electrolyte leakage (REL) is similar to FIEL,
but it is broader because this test looks at potential loss
of root viability from many factors, such as disease,
rough handling, and desiccation, and not just at damage
from cold temperatures. It is difficult to correlate REL with
plant survival because many factors other than root
damage can affect REL.

Chlorophyll fluorescence provides a means of determin-
ing a plant’s ability to efficiently photosynthesize.
Stresses, whether they are short term, subtle, long term, or
severe, can impair this important physiological process.
This measurement can identify when significant damage
to the photosynthetic system has occurred, indicating a
plant’s performance may be compromised. More work is
needed before this test will be an operational quality test. 

Performance attributes integrate both morphological and
physiological attributes. Although testing performance
attributes has great value, these tests can be laborious and
expensive. Measures of dormancy, stress resistance, and
root growth potential (RGP) are the common tests. 

Although nursery managers talk about dormant plants,
dormancy only refers to meristematic tissues, and only
bud dormancy has been extensively studied. Shoots may
cease to elongate and form buds in response to changing
environmental conditions that are less favorable to growth
(quiescence), or in response to reduced photoperiod
(deep dormancy) that culminates in fall. Once deeply
dormant, buds require a specific duration of exposure to
cold temperatures (chilling) before shoot growth will
resume. The chilling requirement is the length of exposure
to cold temperatures that buds need before they are once
again quiescent and ready to resume growth when tem-
peratures permit. The only reliable way to estimate the
intensity of bud dormancy is to measure how much chill-
ing buds have been exposed to, and then record how
many days are required for those buds to resume shoot
growth (days to bud break—DBB) when they are returned
to favorable growing conditions. The relationship between
chilling and DBB is curvilinear, but a simple dormancy
release index (DRI) can be used to convert the data to a
straight line and make it easier to use; for example, in
establishing harvesting windows and estimating the dor-
mancy intensity of crops during subsequent winters. 

7.2.9 Summary and Conclusions
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Measuring stress resistance (SR) can be a very laborious
process, but an important one because it describes a plant’s
ability to tolerate the stresses associated with the harvest-
ing-to-outplanting process. Because the seasonal pattern of
SR closely coincides with the pattern of cold hardiness,
standard cold hardiness tests can provide quick and useful
estimates of SR. Moreover, SR is related to dormancy inten-
sity expressed as a dormancy release index. Because refrig-
erated storage slows the release of bud dormancy, storage
prolongs the period of high SR. 

Root growth potential (RGP) is the most popular perform-
ance test. This test provides an indication of the overall
viability of the plant at the time of testing because
many integrated physiological processes in plants are
responsible for new root production. This test provides
only a snapshot-in-time evaluation of the plant; it is
important to remember that physiological quality can
change right up until the stock is outplanted. RGP may or
may not be well correlated with survival because site con-
ditions can override stock quality, but plants having low
RGP should be further evaluated with respect to potential
site conditions.

In general, morphological attributes, because they seldom
change during the harvest-to-outplanting process, may be

measured any time. Physiological attributes, because they
can change frequently, however, provide only a momen-
tary analysis of plant quality. Testing plant moisture stress
at different stages of the harvest-to-outplanting process
can ensure that plant stress is minimized. Chlorophyll flu-
orescence and root electrolyte leakage tests may be used
immediately after an unexpected stress event to ascertain
damage levels or recovery from those events. Cold hardi-
ness testing can be done to determine proper harvesting
windows and prior to outplanting to ensure that stress
resistance is still high. Performance attributes such as
stress resistance may be done anytime during the harvest-
ing-to-outplanting process, but root growth potential is
probably best done immediately prior to outplanting to
ensure overall plant viability.

None of these plant quality tests will yield meaningful
results unless the population of plants is sampled random-
ly and thoroughly. Plant producers and users must be
cognizant of what each test does and does not infer about
plant quality and must be mindful that test results must be
considered within the context of expected, but never fully
predicted, site conditions.
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Company Address Types of tests offered

Morphology Root growth Cold Others

potential hardiness

Nursery Technology Oregon State University X X

Cooperative Dept. of Forest Science

Richardson Hall 321

Corvallis, OR 97331

Tel: 541-737-6576

Fax: 541-737-1393

http://ntc.forestry.oregonstate.edu/sqes

KBM Forestry SQA Coordinator X X X X

Consultants 349 Mooney Avenue

Thunder Bay, ON P7B 5L5

Tel: 807-345-5445 ext. 34

Fax: 807-345-3440

E-mail: sgellert@kbm.on.ca

Laboratory for Forest Soils Tweeddale Centre for X X X X

and Environmental Quality Industrial Forest Research

1350 Regent Street

Fredericton, NB E3C 2G6

Tel: 506-458-7817

Fax: 506-453-3574

E-mail: jestey@unb.ca

Franklin H. Pitkin Center for Forest Nursery X X X X

Nursery and Seedling Research

College of Natural Resources

University of Idaho

Moscow, ID 83844–1137

Tel: 208-885-7023

Fax: 208-885-6226

E-mail: seedlings@uidaho.edu

Appendix 7.2.1—Seedling quality testing facilities and their procedures
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Container nursery managers wait anxiously until they can
begin to harvest their crop because, after plants are graded
and placed into storage, the value of the crop is at its
maximum. Scheduling the best time to harvest is critical
because plants need to be at their peak of quality yet
hardy enough to withstand the sequential stresses of pack-
ing, storage, shipping, and outplanting.

“Lifting” is a historical term adopted from bareroot nur-
sery harvesting when seedlings are physically removed
from the soil; the term is still used in container nurseries
as an operational synonym for harvesting. “Lift and pack”
is another bareroot nursery term that has been adopted by
container growers when referring to the harvest operation.

When scheduling plant harvest, the first and most important
consideration is whether the stock will be lifted and
outplanted immediately (“hot-planted”) or harvested when
dormant and then stored for later shipment and outplanting. 

Methods of harvesting container stock across North
America are a function of nursery size and location,
plant species, research input, and tradition. Many large
nurseries in the Western United States and Canada
remove plants from containers and package them (“lift
and pack” or “pull and wrap”). They use refrigerated
storage to handle large orders that must all be processed
simultaneously. This is the case in much of the Pacific
Northwest, where winter temperatures are variable and
snow is absent or intermittent (for example, Kooistra
2004). In eastern Canada, however, temperatures
remain cold enough that container stock can be stored
outdoors or some nurseries use snowmaking equipment
to supplement the snowpack (White 2004). The harvest
and storage of other native plants can be considerably
different from commercial conifers. Because of the
sheer number of species, the wide variety of container
sizes, and the fact that little or no research has been
done on dormancy or hardiness, native plants may
require special harvest and storage procedures (Burr 2005).

7.3.1.1 Hot-planting

Hot-planting is done during summer or fall, when plants
are not completely dormant or hardy; plants must be
handled with care throughout the process. This means
that stock is lifted, held for a short time with or without

refrigerated storage, and outplanted within a week or
two. Greenhouse stock that will be hot-lifted is usually
held for several weeks in a shadehouse or open com-
pound to develop some degree of hardiness before out-
planting (fig. 7.3.1). Some nurseries use moisture stress
and/or artificially reduce day length (“blackout”) to hasten
the hardening process. (More information on hardening
nursery stock can be found in Section 6.4.4 of Volume
Six and on blackout in Section 3.3.4.6 in Volume Three
of this series.) 

Timing is the key to a successful hot-planting program,
and it is critical to minimize the time from when stock is
harvested to when it is outplanted. This tight timeline and
the fact that the stock is not fully hardy mean that most
hot-plantings must be relatively close to the nursery.

When the customer notifies the nursery that the outplanting
sites are ready, the stock is graded to specifications and a
final “shippable” inventory is calculated. Plants should be
packed standing up in boxes to encourage air exchange
and allow for possible irrigation on the outplanting site.
Do not pack in plastic liners that restrict air flow and can
trap the heat generated by plant respiration. Packed stock

7.3.1 Introduction
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Figure 7.3.1—All nursery stock must be properly hard-
ened before outplanting, especially those being “hot-
planted.” The longer these loblolly pine seedlings were
hardened in an outdoor compound the more cold hardy
they became (modified from Mexal and others 1979).
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should be placed immediately in cooler storage at approx-
imately 4.4 °C (40 °F) (Fredrickson 2003).

For larger planting projects, stock is held for a short
period in refrigerated shipping vans at the nursery until
the entire order can be shipped. With southern pines,
seedlings harvested for summer hot-planting are generally
stored at 4 to 21 °C (40 to 70 °F) for a week or less
(Dumroese and Barnett 2004). (More information on
hot-planting in summer and fall outplanting windows can
be found in Section 7.1.2.5.)

7.3.1.2 Dormant stock

Most container nursery stock is harvested during the win-
ter dormant season and stored until it can be shipped for
outplanting. Storage methods are discussed in Chapter
7.4. The key consideration in harvesting is whether plants
will be placed in open, sheltered, or refrigerated storage.
The type of storage dictates not only the time of harvest
but also the type of packaging. In open compounds and
sheltered storage, plants remain in their containers,
whereas, for refrigerated storage, they are typically
removed from their containers, graded, and packed in
cardboard boxes.
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Nursery managers must harvest their crop at its peak of
quality and know how to maintain that quality until plants
are delivered to the customer. This means harvesting when
plants are fully dormant and resistant to the stresses of har-
vesting, storage, shipping, and outplanting. This time period
is known as the “lifting window” or “harvesting window.”

Foresters and other nursery customers have observed that
stock harvested during winter dormancy survive and grow
better than plants lifted a few months earlier or later.
Numerous inhouse studies and research trials have con-
firmed these observations. Although most of this research
was done with bareroot stock, the same principles apply
to container stock. Whereas harvesting bareroot plants at
their peak dormancy is usually restricted or compromised
by too muddy or frozen soils, container plants can be har-
vested throughout the winter dormant season. Given this
potentially wide harvest season for container stock, let’s
discuss some ways that growers determine the proper
lifting window.

7.3.2.1 Calendar and visual clues

Using calendars and visual clues are the most traditional
techniques for scheduling and harvesting, and when based
on the combined experience of the nursery staff, can be
quite effective. The procedure is simple—if it takes 4 weeks
to harvest the crop, then that amount of time is subtracted
from when the crop becomes fully dormant or is scheduled
to be shipped for outplanting. One calendar technique for
deciding when to harvest is known as the “F-date,” which
is based on the average date of the first fall frost. Harvesting
can begin 30 to 45 days after this date (Mathers 2000). 

Experienced growers also use several morphological indi-
cators to help them confirm when plants are becoming
dormant and hardy and ready to harvest.

Foliage characteristics. Determining when deciduous
species are ready to lift is relatively easy, because their
leaves change color and eventually fall off. Even ever-
green species can show foliar signs when they are
becoming dormant. For example, the cuticle of leaves or
needles becomes thicker and waxier so that the plant can
tolerate desiccation during the winter. Experienced grow-
ers can feel a difference in foliage texture and rigidity
when plants become hardy, and the needles of some

Figure 7.3.2—Plants develop visible signs of dormancy
and hardiness, such as bluish wax deposits on their foliage
(A). Bud size and development are also signs of dormancy
and plant quality; large buds containing many leaf
primordia (B) are superior to smaller, less developed
buds (C) (B&C, courtesy of Steve Colombo).

7.3.2 Scheduling the Winter Harvesting Window

A

CB
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species exhibit a slight change in color. For example, the
actively growing foliage of Engelmann spruce (Picea
engelmanii) is bright green, whereas dormant foliage
becomes bluer in color because of the waxy cuticle that
develops on the surface (fig. 7.3.2A).

Buds (presence, size, and number of primordia). Plants
with determinant growth patterns, such as pines and
spruces, form a bud at the end of the growing season. In
the temperate zone, most people look for large buds with
firm scales as an indication of shoot dormancy and plant
quality. Other plants, such as junipers and cedars, have
indeterminant growth and a terminal bud is not formed.
Some semitropical pines, such as longleaf (Pinus palustris)
in the southern United States, also do not form buds in
the nursery (Jackson and others 2007). (See section 6.1 in
Volume Six for more information on determinant and
indeterminant growth patterns).

Bud size and length have traditionally been used as good
indicators of when plants are ready to harvest. In Eastern
Canada, counting the number of bud primordia is one
way that nurseries determine the timing of their harvests
(fig. 7.3.2 B&C). KBM Forestry Consultants, a private
seedling testing laboratory in Thunder Bay, Ontario, offers
bud dissection on a fee basis (Colombo and others 2001). 

Presence of white root tips. Some growers consider the
presence or absence or white root tips as a sign of plant
dormancy. Roots never go truly dormant, however, and will
grow whenever temperatures are favorable. Therefore, the
presence of white root tips has little value in predicting
dormancy or hardiness, but numerous long, white roots
indicate that plants have been exposed to temperatures
above 10 °C (50 °F) (see figure 7.2.41C).

So, although it is not too scientific, scheduling the lifting
window by the calendar and visual clues can be effective
if based on actual nursery and field experience with spe-
cific plant species. 

7.3.2.2 Outplanting trials

Another traditional method of determining when it is
safe to lift nursery stock involves outplanting perform-
ance. Over a period of years, nurseries can determine
their lifting windows from observations on plant survival
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Figure 7.3.3—An effective but time-consuming way to
establish lifting windows is to lift plants throughout the
harvest season and monitor their performance after out-
planting. These results show that the lifting window for all
four conifers was from late November to the end of
February. Because they became dormant sooner, high ele-
vation species such as Shasta red fir (Abies magnifica)
had a wider window than species from lower elevations
(modified from Jenkinson and others 1993).

and growth after outplanting. This technique has been
used for bareroot stock, but few results have been pub-
lished for container plants. In a comprehensive study of
four bareroot conifer seedlings from northern California,
samples were collected at monthly intervals throughout the
winter and then outplanted and evaluated for first-year
survival (Jenkinson and others 1993). The resulting data
show that lifting windows can vary significantly between
species and between seedlots within a species (fig.
7.3.3). Outplanting trials are effective in establishing lift-
ing windows, but the drawback is that it takes from 5 to
10 years to accumulate enough data to account for season-
al weather variation. In addition, separate trials would be
needed for customers from different climatic regions. 
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7.3.2.3 Plant quality tests

Plant quality testing is discussed in detail in Chapter 7.2,
and several tests have been used to determine when
container stock is ready to harvest. Root growth potential
(RGP) is the most widely known quality test, and many
experiments have attempted to correlate RGP with lifting
windows. Although this test provides an indication of
vitality and relative vigor, RGP readings typically vary too
much from year to year to be useful. 

Estimating bud dormancy with chilling sums. All growers
know that plants should be harvested when they are dor-
mant. Unfortunately, growers lack a quick-and-easy test to
determine dormancy status—current tests measure only
bud dormancy. Therefore, the easiest and most practical
method for estimating intensity of bud dormancy is based
on the chilling requirement. The concept is logical
enough—the cumulative exposure of plants to cold tem-
peratures controls the release of dormancy. Therefore, by
measuring the duration of this exposure, it is possible to
estimate the intensity of dormancy indirectly. 

The operational application is known as chilling sums, or
degree-hardening days. The process involves measuring
the temperature throughout the day and calculating the
duration of time below some reference temperature. This
chilling sum can be calculated with several different
formulas, and environmental monitoring equipment is
available that will calculate chilling sums automatically
(see Section 7.2.5.1 for more details).

Cold hardiness testing. It is traditional knowledge that
plants should be hardy enough to withstand the stress-
es of harvesting, storage, shipping, and outplanting.
There are many types of hardiness, but cold hardiness
has proved to be easiest to measure and the best pre-
dictor of when to lift container stock. For more than 20
years, cold hardiness tests have been used to determine
lifting windows and estimate storability in Canadian
container nurseries. Their critical threshold is when
plants exposed to cold temperatures show less than 25
percent visible cold injury to the foliage (Burdett and
Simpson 1984). For open storage, plants must be able
to tolerate two consecutive frost hardiness tests at –15
°C (5 °F) (Colombo and others 2001; White 2004),
whereas for long-term freezer storage, tolerating two

consecutive hardiness tests at –15 °C (5 °F) or one
at –40 °C (–40 °F) is considered adequate (Colombo
and Gellert 2002). 

Growth chamber measurements of cold hardiness of
Douglas-fir and ponderosa pine container seedlings were
modeled against weather data to establish lifting windows
(Tinus 1996). Freeze-induced electrolyte leakage tests
demonstrated the year-to-year variation in lifting windows
that can be expected. Comparing the four years modeled,
the starting and ending dates and the duration of the lift-
ing window were significantly different (fig. 7.3.4). 



90

0

-5

-10

-15

-20

-25

5
0

%
 I
n

d
e

x 
o

f 
in

ju
ry

 (
˚C

)

-30

-35

-40

-45

Oct Nov

1992 1993

Dec Jan Feb

0

-5

-10

-15

-20

-25

5
0

%
 I
n

d
e

x 
o

f 
in

ju
ry

 (
˚C

)

-30

-35

-40

-45

Oct Nov

1993 1994

Dec Jan Feb

0

-5

-10

-15

-20

-25

5
0

%
 I
n

d
e

x 
o

f 
In

ju
ry

 (
˚C

)

-30

-35

-40

-45

Oct Nov

1994 1995

Dec Jan Feb

0

-5

-10

-15

-20

-25

5
0

%
 I
n

d
e

x 
o

f 
in

ju
ry

 (
˚C

)

-30

-35

-40

-45

Oct Nov

1995 1996

Dec Jan Feb

Lifting window Lifting window

Lifting windowLifting window

Ponderosa pine
Douglas-fir
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index of injury from freeze-induced electrolyte leakage
tests, was used to model the lifting window for two south-
western conifers over four winters from 1992 to 1996
(modified from Tinus 1996).

Storage molds are a serious concern during overwinter stor-
age, especially from the fungus Botrytis cinerea that is com-
monly found on lower senescent foliage (fig. 7.3.5A).
Therefore, just prior to packing plants for refrigerated stor-
age, some nurseries treat their stock with foliar fungicides.

Unfortunately, both nursery workers and tree planters have
complained about skin rashes and other allergic symptoms
after handling fungicide-treated stock. The only comprehen-
sive study of fungicide effectiveness and pesticide residue
was conducted at container nurseries in British Columbia
(Trotter and others 1992). Two fungicides, benomyl (Benlate
50WP) and captan (Captan 50WP), were sprayed on conifer
seedlings prior to refrigerated storage using an irrigation
boom. In one treatment, both pesticides were applied
through a backpack sprayer. They found both fungicides
were effective when applied to species predisposed to
Botrytis mold. Seedling samples were collected before and
after the standard storage period to determine pesticide
residue levels. Captan was found to be more persistent than
benomyl, and levels were significantly higher when a back-

7.3.3 Prestorage Fungicide Treatments

pack sprayer was used (fig. 7.3.5B). This short residual effect
means that the fungicide is effective only immediately after
application and that highly susceptible seedlots may still be
infected if predisposing conditions exist during or after stor-
age (Trotter and others 1992). 

Therefore, the decision on whether to apply protective
fungicides to control storage molds should be consid-
ered from both cultural and safety standpoints. Species
and seedlots that are already infected prior to harvest
may benefit from protective fungicides, but heavily
infested or stressed lots may still develop mold problems
during or after storage. (See Volume 5, Section 5.1.6.2
for more discussion of molds and other storage problems.)
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from Trotter and others 1992).
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The manner in which container stock is processed
depends on how the crops will be sold and shipped.

7.3.4.1 Small speculation orders

Some nurseries, such as State government and private
nurseries, service many, perhaps thousands, of customers
who order a few plants of many different species. Plants
to satisfy these orders are usually grown on speculation,
and orders are accepted throughout the winter and spring
shipping season. To facilitate filling and processing orders,
plants are usually harvested, graded, packaged into dis-
crete quantities (for example, 5 or 25; usually the mini-
mum number that can be ordered), and then stored in
bulk bins in a cooler. As orders come in, workers pull
plants from the bulk bins and combine the various
species for shipping, often by mail or parcel service.

7.3.4.2 Large contract orders

Many Federal government and forest industry nurseries grow
all or most of their container plants on contract and so
grade, package (often 100 to 500 plants per box), and store
their stock in the same operation by customer. Depending
on the customer preference and the length of storage, these
orders may be held in cooler or freezer storage. 

7.3.4 Processing Speculation and Contract Crops
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Regardless of whether container plants are going to be hot-
planted or outplanted as dormant stock, they are graded for
size and appearance according to established standards or,
in the case of contract stock, standards agreed to with the
customer (see Volume 1, pages 147–149). “Culls” are plants
that do not meet the grading criteria. Sometimes these crite-
ria are adjusted during the grading process based on other
cull and shipping factors that become apparent during the
process. Typical grading criteria include shoot height, stem
diameter at the root collar (“caliper”), and root plug integrity
(fig. 7.3.6). In addition, plants are inspected for physical
injury or disease, especially for gray mold (Botrytis cinerea)
that can spread in storage.

The timing of the grading operation depends on the har-
vesting methods. To minimize volume and reduce disease
during storage, most container nurseries grade their stock
as part of the harvesting process. Some nurseries that
store in open compounds ship ungraded stock to the out-
planting site, where they are graded immediately before
outplanting (Dionne 2006).

Container size and the way plants will be packaged and
stored determine the best processing system. For smaller
volume containers, plants can be processed two ways:
(1) grading, storing, and shipping plants in the growth
container; or (2) extracting (“pulling” or “lifting”) plants
from the growth container and subsequently grading,
packaging, and placing them into storage and/or shipping
containers (Landis and McDonald 1981). Because of their
size and weight, larger volume single containers are
graded and handled individually.

7.3.5.1 Storage and shipping in growth container

This process is generally limited to container types with
individual soft plastic “cells” or “tubes” that are held in
hard plastic racks. The most popular containers of this
type are Ray Leach “Cone-tainers”™ and Deepots™
(fig. 7.3.7A). The harvesting process consists of removing
each container from the rack, grading the plant within it,
and then placing the container into either a “shippable”
or “cull” rack (fig. 7.3.7B). Racks of shippable plants are
stored outside either in shadehouses or under white
plastic sheeting (see Section 7.4) until they can be
shipped for outplanting. Cull racks are emptied as time
permits. Because the plastic racks are brittle and can be

Shoot height

Stem diameter
at root collar
(caliper)

Terminal bud
or swollen 
meristem

Root plug volume
and integrity

Figure 7.3.6—Common grading standards include shoot
height, stem diameter at the root collar (“caliper”), and
root plug integrity.

damaged during handling and shipping (fig. 7.3.7C),
some nurseries group shippable containers into bunches
secured by a rubberband or put them in plastic bags
(fig. 7.3.7D), which are then placed in cardboard boxes
for refrigerated storage.

Some nurseries using block containers also leave graded
plants in the growth containers for storage and shipping
to the outplanting site. This is particularly common with
the more durable hard plastic blocks, such as the Hiko™
tray, IPL Rigi-Pots™, and Ropak Multi-Pots™. In some
nurseries, cull plants are pulled from containers during
the grading process but, in others, no grading occurs and
all plants are shipped to the outplanting site, where the
planter makes the final decision regarding plant quality
(Dionne 2006). 

7.3.5.2 Plant extraction

As mentioned earlier, container plants are typically
extracted from their growth container when they will be
stored under refrigeration, but often hot-planted stock is

7.3.5 Grading and Packaging 
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Figure 7.3.7—Harvesting nursery stock in the growth
container is popular for soft plastic cells that can be
removed from their racks (A), graded, and consolidated
into “cull” or “shippable” racks (B). Containers shipped to
the outplanting site must be returned to the nursery,
which can result in damage (C), so some nurseries pack
the individual cells into plastic bags (D) and cardboard
boxes.

A B

D
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extracted as well. “Pull and wrap” is most common with
large block containers, such as the Styroblock™ because
extracting plants reduces the volume of space needed dur-
ing storage and shipping. Harvested, dormant plants can be
stored for up to 6 months, so extraction allows the used
containers to be cleaned and sterilized for the next crop. 

In smaller nurseries, the process of extracting plants from
their containers, grading them, and packaging them is often
done at individual workstations. Each station is equipped
with a rack or clamp that holds the container block or tray in
place while the workers pull and grade plants (fig. 7.3.8A).
In larger nurseries, however, the sequence of tasks is com-
bined into “grading and packing lines.” Different workers,
connected by conveyors (fig. 7.3.8B), are responsible for
extracting, grading, and packaging.

Grading and packing has become more mechanized in order
to reduce both labor costs and the high incidence of work-
place injuries. Many forest and conservation plants have
aggressive root systems and develop a firm plug by the end
of the growing cycle. Roots of some species even grow into
small holes in the walls of the container cavities, especially
with Styrofoam™ blocks. This makes extracting plants by
hand difficult, and nursery workers on the packing line often
develop tendonitis and other chronic wrist and lower arm
injuries. To facilitate extraction, some nurseries use mechani-
cal “thumpers” that use a jolting motion to loosen the plugs
from their containers (fig. 7.3.8C).

Another reason that plants are difficult to remove from
containers is that roots often grow out of the drainage
hole and form a mat (fig. 7.3.8D). To facilitate extraction,
some nurseries run the container blocks over a rotating
blade to sever the root mat (fig. 7.3.8E). It is much easier
to prevent this by designing greenhouse benches that pro-
mote air-pruning of roots. 

The extent of mechanization of the packing line varies by
nursery size and sophistication. Larger nurseries often use
pin or rod extractors to physically push one row of plants
at a time out of the container and onto a conveyor belt,
where they are graded (fig. 7.3.9A). Culls are discarded
on the floor, whereas shippable plants are counted into
bunches of 5 to 25. At the end of the conveyor, another
worker collects the bunches and packages them. 

7.3.5.3 Packaging plants

Three common packaging systems are used for native
plant nursery stock. 

Jellyrolling. In this first packaging system, bunches of
plants are placed in a cradle and their root plugs are tight-
ly wrapped with a protective material (fig. 7.3.10A). The
jellyroll bundles are then stacked into carboard boxes for
storage and shipment to the outplanting site (fig. 7.3.10B).
Jellyrolling has been used for decades to protect the fine
roots of bareroot stock from desiccation (Dahlgreen 1976),
and research has shown that moisture stress is lower for
jelly-rolled conifer stock (fig. 7.3.10C). Wet burlap and
absorbent paper toweling was traditionally used, but cello-
phane is preferred for native plants that do not form a
durable root plug. A field trial with Ambrosia dumosa
seedlings found that jellyrolling improved their moisture
status during shipping and outplanting, and that they sur-
vived and grew as well as plants shipped in containers
(Fidelibus and Bainbridge 1994). The most obvious advan-
tage of jellyrolling is that containers are not damaged or
lost during the outplanting process. For polybag plants
grown in native forest soil, shaking the soil from the root
system, dipping the roots into a superabsorbent slurry, and
jellyrolling greatly reduced the volume and weight of pine
seedlings. In addition, it allowed the soil-based media to
be sterilized and reused, saving the cost of procuring more
media and reducing the impact on the forest environment
(Mexal and others 1996).

With the recent interest in shipping frozen nursery stock
to the outplanting site, jellyrolling single plants keeps
them from freezing together. 

Bagging and boxing. In the second packaging system,
automatic bagging machines hold a supply of plastic bags
that are automatically inflated by a flow of air, making it
easier to insert plants (fig. 7.3.9C). In general, when bags
of plants will be placed into plastic-lined boxes for stor-
age, as is the usual case for contract crops, then the bags
are just deep enough to enclose the root plugs to facilitate
handling. When bundles of plants will be stored in bulk
bins (fig. 7.3.11A), as is often the case for speculation
crops, then the bags are large enough to enclose the
entire plant, especially for evergreen crops, to retard des-
iccation (fig. 7.3.11B).



95

Figure 7.3.8—Each grading station in the “pull and wrap”
operation has a rack to secure the containers (A). In larger
nurseries, grading stations are part of grading and packing
lines, which increase efficiency (B). Because plants are often
difficult to pull from containers, such as the Styroblock™,
they are first run through a “thumper” that loosens the
plugs (C). If roots have formed a mat at the drainage hole
(D), they must be trimmed to ease extraction (E). 

A

B

D
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Figure 7.3.9—In more mechanized nurseries, plants are pushed from their container one row at a time by a pin extractor (A).
After grading, plants are counted into bundles that are either wrapped in cellophane (B) or placed into a plastic bag (C). In
the final step, bundles are placed into cardboard or plastic boxes that protect the stock during storage and shipping (D).

Boxing. In the third packing system, which is commonly
used in the southern United States, container plants that
are going to be hot-planted are often extracted and
placed directly into shipping boxes without any type of
plastic bag (Dumroese and Barnett 2004). These plants
are lifted, stored for a very short time in a cooler, and out-
planted before transpiration and desiccation reduce plug
moisture to an unacceptable level.

The final step in the grading and packing process involves
placing the plant bundles into storage or shipping boxes or
bins (fig. 7.3.9D), and marking them with the species,
seedlot, number of plants, and other important information.

7.3.5.4 Processing large-volume container stock

Because of their size and weight, large container stock
are typically processed one at a time and accumulated in
a shadehouse or open compound until they can be
shipped (fig. 7.3.12A). Although large ornamental nurs-
eries often store their stock under refrigeration, this is not
common in forestry or native plant nurseries. Square con-
tainers, such at Treepots™, are graded and stored in spe-
cial metal pallet racks or in plastic crates (fig. 7.3.12B)
until they can be shipped for outplanting.

A B

C D
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Figure 7.3.10—Jellyrolling consists of lining up plants on
a cloth, paper, or cellophane wrapper; folding the material
over the roots; and then rolling the plants into a bundle
(A). Research has shown that, besides protecting the
root plug during storage, shipping, and outplanting (B),
jellyrolling reduces plant moisture stress (C) (C, modified
from Lopushinsky 1986).
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Figure 7.3.11—When crops will be bulk-stored for later repacking and shipping (A), plants are completely inserted into deep-
er plastic bags to retard desiccation (B).

Figure 7.3.12—Large container plants are often graded in the shadehouse (A) and stored on racks until they can be shipped (B).
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B
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Figure 7.3.13—Waxed cardboard boxes make handling
easier and storage more efficient (A). A plastic bag liner (B)
is absolutely essential for long-term freezer storage because
moisture is drawn out of plants and condenses on the side
of the containers (C).

The typical storage box is made of corrugated cardboard
that has been treated with plastic or wax to make it
waterproof (fig. 7.3.13A). Some nurseries use corrugated
plastic boxes that, although they are more expensive,
are reusable (fig. 7.3.13B). Even nurseries that ship
stock to the outplanting site in the growth container
often put stock in boxes for additional protection
against mechanical injury. Boxes are the standard for
refrigerated storage of pull-and-wrap container stock
but, because they are not moisture-proof, a thin (1 to 2 mil)
plastic bag liner is needed (fig. 7.3.13B). With freezer
storage, this thin plastic bag liner is mandatory to prevent
desiccation injury because refrigeration equipment
continually removes excess moisture from the storage
rooms (fig. 7.3.13C). 

7.3.6 Packaging for Storage and Shipping 

A

BC
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At each grading station, cull plants are dropped on the
floor or tossed into a bin. If there is a market, under-
sized but otherwise healthy plants can be transplanted
into larger containers. This is common with cultivars
that can be outplanted over a large geographic area or
with threatened or endangered species, when every
plant is valuable. Most forest and conservation plants
come from a specific seed zone (“source-identified”),
however, and so are only adapted to a rather restricted
area. In addition, most forestry and native plant projects
outplant all their stock in one season, so there is no
market for holdover plants.

Therefore, most nurseries compost their culls for reuse as
a soil amendment. Because the woody stems and roots
would take years to decay, culls are run through a ham-
mer mill or tub grinder to hasten decomposition and
speed up the composting process (fig. 7.3.14).

7.3.7 Processing Cull Seedlings

Figure 7.3.14—Cull plants can be ground in a tub grinder
and composted.
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7.3.8 Summary and Conclusions

Plants may be harvested, graded, packaged, and stored in a
variety of ways depending on the timing of the outplanting
window, the type of container used to produce the plant,
and the convention used in a particular locale developed
through research and/or experience. Plants harvested dur-
ing the growing season with minimal dormancy and stored
for just a few days with or without cooler storage are said
to be “hot-planted.” More often, plants are harvested when
dormant and are stored for a few weeks to months in 
refrigerated storage. Nursery managers can determine
when plants are dormant using the calendar, visual clues of
the plants themselves, outplanting trials, or plant quality
tests. Calculating chilling sums for a crop and correlating
those with the results of plant quality tests is probably the
best way for managers to ensure crops are dormant prior to
harvesting.

Many factors influence the harvesting process, including
nursery size and mechanization, customer base, container
type, plant growth form, whether plants are extracted and
subsequently placed in bags or jellyrolled, storage condi-
tions, and local success derived from research and/or
experience. For example, State and private nurseries often
grow plants on speculation; those plants are extracted
from containers, bundled in groups consistent with mini-
mum orders, bulk-stored in coolers, and then packaged
for shipping as orders are received. Conversely, large,
reforestation nurseries usually grow plants on contract,
extract them from containers, and store them in coolers or
freezers until outplanting, unless those nurseries are in the
Maritimes of Canada, where plants are retained in con-
tainers and stored in outdoor compounds. Many native
plant nurseries grade and ship plants in their containers,
particularly for species that do not produce robust root
systems. As is evident, the harvesting process is dictated
by many variables, but the goal of harvesting is always
the same: get the crop from the nursery to the field with-
out reducing plant quality.
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7.4.1 Introduction

Unlike some agricultural commodities that can be stored
for extended periods without a decrease in quality, con-
tainer nursery crops are living and have a very limited
“shelf life.” Therefore, well-designed storage facilities are
needed at all native plant nurseries.  

Plant storage was not a serious consideration back in the
days when nurseries were established close to the outplanting
project. This allowed plants to be dug up in the nursery one
day and outplanted the next. Transportation was slow and
plant handling and packaging were rather simple (fig. 7.4.1).
Reflecting on those days and knowing what we now do
about plant physiology, it is amazing how well many of
those early plantations performed. 

It is important to realize that plant storage is an opera-
tional necessity, not a physiological requirement (Landis
2000), because of the following four reasons. 

7.4.1.1 Distance between nursery and outplanting site

Today, most native plant nurseries are located at great
distances, often hundreds or even thousands of miles,
from the outplanting sites of their customers. This is par-
ticularly true of container nurseries because, as long as
the proper seed source is used, high-quality plants can
be grown in greenhouses in ideal growing environments
located far away. The farther the distance from the nurs-
ery to the outplanting site, however, the greater the need
for storage.

7.4.1.2. Differences between the lifting window at the
nursery and outplanting windows

As mentioned in the previous section, container nurseries
are often located in climates different from those of their
customers. In mountainous areas, this is especially true,
because nurseries are typically located in valleys at low
elevation that have much different climates than outplant-
ing sites at higher elevations. Differences between lifting
and outplanting windows will also depend on the season
of outplanting. If customers desire summer or fall out-
planting, then short-term storage is all that is necessary.
Often, however, the best conditions for outplanting occur
the following spring, so it is necessary to protect plants
throughout winter.

Figure 7.4.1—Early forest nurseries did not need storage
facilities because seedlings were shipped and outplanted
within days. Note that the workers are sitting atop the
bales of nursery stock.

7.4.1.3 Facilitating harvesting and shipping

The large numbers of plants being produced at today’s
nurseries means that it is physically impossible to lift,
grade, process, and ship stock in a short time. Therefore,
one primary benefit of storage facilities is that they help
to spread out the scheduling and processing during har-
vesting and shipping.

7.4.1.4 Refrigerated storage can be a cultural tool

Many growers do not appreciate the fact that refrigerated
storage can be used to manipulate plant physiology of a
variety of plants. Cold storage temperatures can partially
satisfy the chilling requirement of dormant stock, and
refrigerated storage has even been shown to improve
plant quality (Ritchie 1989). Class 2 Douglas-fir
(Pseudotsuga menziesii) seedlings were found to gradually
increase in quality to Class 1 while in storage (fig. 7.4.2).
On the other hand, plants with atypical dormancy pat-
terns may not benefit from refrigerated storage. Cold stor-
ing water oak (Quercus nigra) seedlings did not appear to
prolong dormancy, increase stress resistance, or increase
outplanting performance (Goodman and others 2009). A
complete discussion of dormancy and other aspects of
plant quality can be found in Chapter 7.2. 
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Figure 7.4.2—Refrigerated storage can partially fulfill the
chilling requirement of dormant nursery stock, and, in the
case of Douglas-fir, has been shown to actually increase
seedling quality—a move from the yellow to the green
zone (modified from Ritchie 1989). 

7.4.2 Short-Term Storage for Summer or Fall
Outplanting —“Hot-Planting”

Container stock that will be outplanted during summer or
fall is not completely dormant or very stress resistant so it
requires special consideration. The term “hot-planting” is
used to describe this type of operation, because no
extended period of refrigerated storage is employed.
Plants are typically held in the hardening structure, which
is usually a shadehouse or open compound, until they are
shipped (fig. 7.3.3A). In the Southern United States, hot-
planted container stock is stored in coolers or refrigerated
vans at 4 to 21 °C (40 to 70 °F) for no more than a week
(Dumroese and Barnett 2004).

Recent research has shown that nondormant nursery stock
can perform well when hot-planted (Helenius and others
2005). Both actively growing and cold-stored Norway
spruce (Picea abies) container stock were planted and
then subjected to increasing periods of moisture stress.
The nondormant seedlings that were hot-planted had sig-
nificantly more new roots growing out of the container
plugs (“root egress”) than the cold-stored stock for the first
2 weeks after outplanting (fig. 7.4.3B). 

Hot-planting can be successful in the summer and fall
when conditions are ideal on the outplanting site. This
system offers a lot of flexibility because plants can be
held at the nursery and shipped as they are needed. On
the outplanting site, nursery stock should be stored
upright and kept in the shade. Using white boxes helps to
reflect light and keep in-box temperatures lower (Kiiskila
1999). Hot-planting requires close coordination between
the nursery and the customer; therefore, projects are usu-
ally close to the nursery and relatively small. 
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Figure 7.4.3—Because they are not dormant or stress-
resistant, hot-planted stock is held in the hardening area
until shipped (A). In research trials, hot-planted spruce
seedlings had better new root growth in the first 2 weeks
after outplanting compared with stock that had been
cold-stored (B, modified from Helenius and others 2005).
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Figure 7.4.4—Entire crops of
nonhardy plants have been lost to
sudden freezing temperatures
when improperly stored (A).
Sublethal injuries, such as cold
injury to roots (B), are of greater
concern because foliar symp-
toms are slow to develop under
nonstressful nursery conditions.

The importance of properly overwintering stock is often
overlooked by novice nursery managers because they are
primarily focused on growing the crop. Plants are fre-
quently damaged and some crops have been completely
lost as a result of poorly designed or managed overwinter
storage (fig. 7.4.4A). Although dead plants are dramatic,
what is more insidious is sublethal injury, in which roots
are seriously damaged (fig. 7.4.4B). Unfortunately, sub-
lethally damaged plants often do not develop injury
symptoms under ideal nursery conditions; instead, the
injury is reflected in poor survival and growth on the out-
planting site. The risk for overwinter injury is very much
dependent on the physiological condition of the plants at
the time of storage (discussed in Chapter 7.3) and on
proper storage techniques and conditions.

7.4.3.1 Designing and locating a storage facility

The time to first think about plant storage facilities is dur-
ing the nursery development phase, but, unfortunately
this is often not done. The design and location of a nurs-
ery storage system depends on the following four factors.

The general climate at the nursery. Most people think
that overwinter storage would be more difficult the farther
north or higher in elevation one goes, but that is not
always the case. Nurseries in the Midwest or southern
Great Plains regions of the United States are often the
most challenging because of extreme weather fluctuations
during winter (Davis 1994). An extreme case is the east-
ern slope of the Cascade Mountains or Rocky Mountains,
where temperatures can vary by as much as 22 °C (40 °F)
or more within a 24-hour period, and high, drying winds

are common during winter and early spring. At one nurs-
ery in Alberta, a 5-year study on plant quality in outdoor
compounds documented recurring damage and mortality
because of late frosts and unusually warm periods during
late winter (Dymock 1988). It can also be difficult to store
container stock in areas such as the Southwestern United
States, where winter is characterized by many clear,
sunny days. Therefore, each nursery must develop a stor-
age system appropriate for the local climate.

Characteristics of nursery stock. Some plants are easier to
store than others, so storage systems must match the plant
species being grown. Species that tend to overwinter well
are those that achieve deep dormancy and can withstand
low or fluctuating temperatures. Deciduous plants have a
definite advantage because their lack of foliage when
dormant reduces the possibility of winter desiccation.
Evergreen species are prone to both cold injury and mois-
ture loss, and broadleaf evergreen species are particularly
troublesome. Species and ecotypes from coastal areas that
are never exposed to freezing tend to be less hardy than
those from inland areas. This makes it particularly challeng-
ing for nurseries that grow seedlots from a wide range of
elevations. For example, coastal sources of Douglas-fir tend
to grow late in the season and are much less hardy than
seedlots from higher elevations in the mountains. In tropi-
cal or semitropical climates, plants never undergo true dor-
mancy and can be outplanted almost any time of the year. 

All temperate and arctic plants go through an annual
cycle of growth and dormancy (see Chapter 7.2). In
nurseries, plants are cultured through an accelerated
period of growth that must be terminated before they

7.4.3 Overwinter Storage
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can be outplanted; this is the hardening period. In
Volume 6, we discussed ways in which growers can harden
their stock and prepare them for storage. Plants that are
fully dormant and cold hardy are in the ideal physiologi-
cal state for overwinter storage. Dormant, hardy plants
can be thought of as being in a state of “suspended
animation.” They are still respiring and some cell division
occurs in the roots and stems (see Figure 7.2.35 in
Chapter 7.2); evergreen species can even photosynthesize
during favorable periods during winter. The challenge to
nursery managers is to design and manage a storage sys-
tem to keep their stored plants dormant while protecting
them from stress.

Distance to the outplanting sites. Nurseries located
close to the outplanting sites may be able to hot-plant
their stock with little or no storage. As the distance
increases, however, some type of storage facility is
needed. Nurseries that are in a climate different from
their customers’ climate need the most sophisticated
and expensive storage systems.  Because they grow
stock from many different elevations with differing out-
planting windows, Weyerhaeuser nurseries in Oregon
and Washington use freezer storage where plants can
be held for as long as 6 months (Hee 1987). The Forest
Service J.H. Stone Nursery in southern Oregon has

grown commercial conifers for clients across the
Northwestern United States, but those from high eleva-
tions in Idaho require special handling and, therefore,
incur more costs than those for local customers. On the
other hand, clients in the coastal forests of Oregon can
outplant throughout the winter, and so receive their plants
with minimal storage. 

Number and size of plants to be stored. As already
mentioned, larger nurseries face a greater challenge in
processing their stock, and storage systems help provide
a buffer. In addition, larger container stock requires
special storage considerations. For example, it is rela-
tively easy to store a large number of 66 cm3 (4 in3)
plants under refrigeration, but the same number of 328
cm3 (20 in3) plants would require four times as much
space. Very large stock, such as 20-L (5-gal) containers,
requires too much refrigerated storage space and so
must be stored by other means.



Individual native plant species have distinct requirements
for overwinter storage. Because of this and unique local
climates, four different types of overwinter storage are
commonly used in forest and conservation nurseries.
Most nurseries typically use several types of storage. Three
of the types of overwinter storage avoid refrigeration and
are discussed in this section; refrigeration, the fourth type
of storage, is discussed in Section 7.4.5.

7.4.4.1 Open storage

Open storage is the least expensive but most risky over-
wintering option in areas with freezing temperatures. This
is especially true for small-volume container stock that
has less thermal mass of the growing media to protect
sensitive roots from freezing. In addition to having more
thermal mass, larger containers also contain more mois-
ture that protects against overwinter drying. Thus, the
smaller the container, the higher the risk of injury.

The best locations in a nursery for open storage have some
protection from the wind and are where water and cold air
will drain away. Gravel and/or drainage tile should be used
to promote free drainage of rain or snow melt in the spring.
Packing containers together tightly on the ground and insu-
lating their perimeter with straw bales or a berm of sawdust
makes use of heat stored in the ground to protect the roots
of the stored plants (fig. 7.4.5A). A research trial in Sweden
showed the importance of grouping container plants and
placing them directly on the ground (Lindstrom 1986).
Temperatures in the peripheral containers were consistently
lower than those in the interior by as much as 3 °C (5.4 °F)
and fluctuated greatly. At the end of the overwinter period,
plants were placed in a growth chamber to observe their
performance; those stored directly on the ground had much
more shoot and root growth than those stored on pallets
that were 10 cm (4 in) above the ground (fig. 7.4.5B). To
keep plant roots from growing into the ground, nurseries
can underlay all open-stored stock with heavy poly sheet-
ing or a copper-treated fabric that chemically prunes the
roots (fig. 7.4.5C).

Open storage is most successful in forested northern
climates, where adjacent trees create both shade and a
windbreak, and continuous snow cover can be expect-
ed. If tree cover is not available, plants can be stored in
narrow east-to-west oriented bays between vertical

snowfences (fig. 7.4.5D). Snow is an ideal natural insu-
lation for overwintering container plants, but complete
and continuous snow cover is not always reliable. Some
northern nurseries have had success with generating snow
cover with snowmaking equipment (Davis 1994) (fig.
7.4.5E). 

7.4.4.2 Structureless storage systems

Next to open storage, structureless storage systems are the
simplest and least expensive ways to overwinter container
stock. The term “structureless” means that plants are
enclosed in a protective covering that lacks substantial
mechanical support. Many different coverings have been
used but the basic principle is the same—to provide a
protective, insulating layer over the stored plants. Clear
plastic should never be used because it transmits sunlight
so that temperatures within the storage area can reach
damaging levels or cause stock to lose dormancy. All
plastic coverings will be eventually photodegraded by
direct sunlight, so they should be stored in a dry, dark
location when not in use (Green and Fuchigami 1985).
Any structureless storage system is effective only if
applied after plants have developed sufficient hardiness
and, most important, removed before plants lose dormancy
in the spring.

White plastic sheeting. Single layer films, such as a 4-mil
white copolymer plastic sheeting, are the most common
coverings in structureless systems. White is preferred
because it reflects sunlight and keeps temperatures from
buildingup under the covering. Some growers group
blocks of containers together with the roots to the inside
and then cover them with white plastic (fig. 7.4.6). This is
less effective, however, than grouping the containers
together on the ground to take advantage of the heat
stored in the soil (fig. 7.4.5A). 

White Styrofoam™ sheets and panels. Microfoam® is a
breathable Styrofoam-like material that is lightweight,
reusable, and easily removed and stored. It is available in
rolls or sheets of various widths, lengths, and thicknesses
(fig. 7.4.7A). Sheets can be placed directly over plants (fig.
7.4.7B) or supported by wood stakes or wiring. Because
Microfoam® is so lightweight, it needs to be secured well so
that it does not rip or blow away during windstorms.
Typically, the foam sheets are secured around the edges

112

7.4.4 Nonrefrigerated Storage Systems



113

60

40

20

0
On the
ground

On 
pallets

On the
ground

On 
pallets

600

400

200

0

S
h

o
o

t 
g

ro
w

th
, 

m
m

R
G

C
, 

m
m

Figure 7.4.5—Open storage can be effective when plants are blocked on the ground and surrounded by insulation
(A). Both shoot growth and root growth potential of seedlings overwintered on the ground were much greater than
those stored on pallets (B). Copper-treated fabrics, like Tex-R® (C), are ideal for ground storage because they chemi-
cally prevent plant roots from growing into the ground. Open-stored plants should be protected from direct sun and
wind by natural or artificial snowfences (D). Snow is an excellent insulator and northern nurseries have augmented
natural snowfall with snowmaking equipment (E) (B, modified from Lindstrom 1986; C, courtesy of Stuewe & Sons,
Inc.; E, courtesy of Maurice Dionne).
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Figure 7.4.6—White plastic reflects the warming rays of the
sun but, by itself, has no insulation value; so it is better to
leave the containers on the ground.

with concrete blocks, wooden planks, or even a berm of
sand. In a comprehensive trial in Ontario, Styrofoam SM™
blankets protected conifer seedlings from temperatures
below –30 °C (–22 °F) with a significant cost savings com-
pared to refrigerated storage (fig. 7.4.7C). The authors recom-
mended removing insulating covers during warmer weather
to allow condensation to escape and prevent overheating of
stock nearest the ground. Subsequent outplanting trials
produced almost identical results in survival and growth
(fig. 7.4.7D) (Whaley and Buse 1994). In another test,
however, one layer of Microfoam®, in the absence of
reliable snow, did not provide enough protection in the
harsh climates of northern Minnesota and North Dakota
(Mathers 2004). As with all new techniques, nurseries con-
sidering using insulating covers should install small trials
before attempting operational use.

Plastic Bubble-Wrap™ sheeting. This material has better
insulation than regular plastic sheeting and is reported to
be cheaper and more durable than Microfoam® sheets
(Barnes 1990). Because it is clear, however, heat buildup
would still be a problem on sunny days.

Frost fabrics. Woven and nonwoven landscape fabrics have
been used for structureless storage. White frost fabrics retard
solar heating while permitting infiltration of rain or snow
melt; they allow stored plants to “breathe.” Horticultural

suppliers offer frost fabrics in a range of weights and
thicknesses, giving 2 to 4.5 °C (4 to 8 °F) of thermal
insulation. Arbor Pro® is a feltlike material that has
been used successfully for conifer storage in eastern
Canada (White 2004).

Plastic film with layer of insulating material. In harsh,
northern climates without reliable snow cover, some nurs-
eries cover their container stock with a “sandwich” of straw
or other insulating material between two layers of clear
plastic sheeting. Because the clear plastic and straw absorb
solar heat on clear, frigid days, and the straw provides insu-
lation during the night, this layering provides more overwin-
ter protection than other structureless systems (Mathers
2003). Although layered coverings provide good insulation,
they cannot be removed or vented during periods of sunny
warm winter weather (Iles and others 1993).

For nurseries considering overwintering with coverings or
in poly tunnels, Green and Fuchigami (1985) provide
operational costs for various systems.

7.4.4.3 Storage structures

The next level of sophistication and cost is storage struc-
tures, which range from traditional cold frames to full
controlled units.

Cold frames. The term “cold frame” is a traditional name
for a propagation structure that receives its heat only
through absorbed sunlight. When sheltered from direct
sunlight and insulated, however, cold frames can be a
low-cost alternative for overwinter storage. In northern
Alberta and Alaska, cold frames constructed of wooden
sideboards lined and topped with rigid Styrofoam™ pan-
els have proven effective for overwintering conifer
seedlings (fig. 7.4.8A). Use of insulated cold frames has
resulted in a significant increase in plant survival at the
Weldwood Nursery in Alberta (Matwie 1991). Cold
frames constructed of wooden pallets supported by
cement blocks and covered by white plastic polysheeting
are considered the most cost effective overwintering sys-
tem for conifer seedlings at a nursery in Eastern Canada
(White 2004). 

Cold frames take advantage of the heat stored in the
ground, and the insulating covering retards heat loss and,
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Figure 7.4.7—Microfoam® plastic foam sheeting makes an excellent overwinter cover (A). Many ornamental nurseries
group their containers together on the ground and cover them with Microfoam® (B). When properly designed and applied,
Styrofoam™ blankets protected conifer stock as well as refrigerated storage (C&D) (B, courtesy of Richard Regan; C&D,
modifed from Whaley and Buse 1994).
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Figure 7.4.8—Cold frames of wood and rigid Styrofoam™
sheet insulation have been used to overwinter container
plants in northern climates (A). When weather conditions
permit, the top layer of insulation is removed so that
plants can be irrigated (B). Cold frames can be extensive
(C) and automated to protect plants during freezing
temperatures (D) or retracted during heavy snowfall (E)
(A&B, courtesy of Larry Matwie; C,D&E, courtesy of J.D.
Irving, Limited).
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Figure 7.4.9—Cloches and polyhouses are simple over-
wintering structures covered with white plastic (A) or
Microfoam® sheeting (B). The ends or sides are opened
during warm and sunny winter weather for ventilation (C).

more important, prevents winter drying. To be most
effective, plants should be placed in the cold frames as
soon as they are hardy and before the ground freezes.
Heat buildup can still be a problem during warm or
sunny periods in the winter and, on these occasions, the
top insulation panel can be removed for ventilation and
to allow irrigation (fig. 7.4.8B). As soon as weather con-
ditions permit in the spring, the tops of the cold frames
should be removed to prevent heat buildup and subsequent
loss of bud dormancy. 

The Juniper Tree Nursery in New Brunswick uses large,
sophisticated cold frames to overwinter their stock (fig.
7.4.8C). The accordion-like covers can be extended to
protect plants from freezing temperatures or drying winds
(fig. 7.4.8D), or opened during heavy snowfall (fig.
7.4.8E). Although expensive to construct, they are much
less expensive than refrigerated storage (Brown 2007).

Cloches and polyhouses. These two storage structures are
similar except for their length; cloches are shorter and do
not offer worker access, whereas polyhouses typically have
doors in the end walls. Both feature wooden or pipe frames
covered by white plastic sheeting (fig. 7.4.9A) or a panel of
Microfoam® placed between two layers of plastic (fig.
7.4.9B). The ends of these structures are opened for cooling
during sunny, warm periods during winter (fig. 7.4.9C).
Although a single layer of white polysheeting is adequate
protection in milder climates, a double layer of white plas-
tic that is inflated by a small fan provides better insulation
in colder locations. In locations with frigid temperatures
below –18 °C (0 °F), plants overwintered in polyhouses
need the additional protection of a white polyfilm or
Microfoam® blanket (Perry 1990). In milder climates, grow-
ers supply just enough heat in their polyhouses to keep the
ambient temperatures just above freezing; this approach
has proven effective for overwintering a wide variety of
native plants in Colorado (Mandel 2004). 

If possible, cloches and polyhouses should be oriented
south-to-north to minimize and equalize solar heating. In
structures oriented east-to-west, plants on the south side
receive more light and heat than those on the north and
may require irrigation during the winter. Any closed stor-
age structure needs to be monitored carefully throughout
the winter to determine if ventilation is needed on sunny
days during late winter and early spring (fig. 7.4.9C).

Ground
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Ventilation can also be provided by opening end doors,
or installing a thermostatically controlled fan on one end
with intake louvers at the other end. To prevent desicca-
tion, mount fans and louvers in the top of the structures
where heat buildup will be greatest. 

Shadehouses. Shadehouses are traditional hardening
structures that have also been used for overwintering all
sizes of container stock (fig. 7.4.10A). They are particular-
ly useful for larger container stock that requires too much
space in refrigerated storage. Tall containers like
Treepots™ need to be supported, so nurseries have devel-
oped heavy wire rack systems. Some nurseries use
cement blocks to support prefabricated “stock panels”
that can be purchased from ranch or farm supply stores
(fig. 7.4.10B). 

Shadehouse design varies with nursery climate and loca-
tion. Where prolonged cold temperatures are not typical,
plants can be overwintered under shadecloth or shade-
frame. In wet climates, a waterproof roof is desirable for
overwinter storage to prevent excessive leaching of nutri-
ents from containers. In areas that receive heavy, wet
snowfall, shadehouses for overwinter storage must be sig-
nificantly stronger than temporary storage structures.
Another option is to remove the shade covering during
winter to allow the snow to fall through and insulate the
crop. Light, dry snow will not damage plants and actually
serves as an excellent insulator over the crop. 

The typical shadehouse for overwinter storage has shad-
ing on both the roof and sides that protects plants from
adverse weather, such as high winds, intense rains, hail,
and heavy snow. Shadehouse storage reduces seedling
temperature below what it would be in direct sunlight by
reducing sunlight by about 30 to 50 percent. This shade
and the reduced wind speeds significantly lower transpi-
rational water losses; this prevents the scorching known
as winter desiccation. To protect sensitive roots, plants
are blocked together on the ground and surrounded by
an insulating material like sawdust or Styrofoam™ panels
(fig. 7.4.10C).

Greenhouses. Very sensitive plants, such as newly rooted
cuttings, can be overwintered in a greenhouse with mini-
mal heating to keep air temperatures above freezing. It
must be emphasized, however, that greenhouses should

Figure 7.4.10—Shadehouses are traditional structures that
can be used for hardening and then overwintering container
stock (A). They are particularly useful for large stocktypes
that must be supported by heavy wire racks (B). Before
freezing temperatures are expected, the containers should
be grouped together on the ground and surrounded by
perimeter insulation to protect the roots (C).
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Figure 7.4.11—Fully enclosed greenhouses are not good for overwintering, especially in climates with sunny winters
(A and B). Snow removal is necessary in cold climates (C). Retractable roof greenhouses (D) are better for overwinter
storage because they can be opened to allow heat to escape and snow to cover seedlings.

not be considered for routine overwinter storage, espe-
cially in areas with clear sunny winters (fig. 7.4.11A).
Greenhouses heatup rapidly during periods of sunny
weather, causing plants to rapidly lose dormancy (fig.
7.4.11B). Even if greenhouses are vented, there will be
considerable temperature gradients during cold weath-
er. In snowy climates, heat must be used to keep heavy
wet snow from building up and damaging the structure
(fig. 7.4.11C). On the other hand, retractable roof green-
houses (fig. 7.4.11D) are excellent for overwinter storage
because the roof can be opened during sunny weather to
allow heat to escape and keep nursery stock dormant.
During snowfall, the roof can be left open to allow plants
to be covered with a protective layer of snow. 
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7.4.5 Refrigerated Storage 

The basic concepts of refrigeration and design of refriger-
ated storage are covered in Section 1.3.5.4 of Volume I of
this series, so this section will focus on its operational use
in forest and native plant nurseries. Refrigerated storage
has become the standard in many modern forestry nurs-
eries, especially in the Pacific Northwest, and has been
the focus of most storage research.

The two different types of refrigerated storage used in native
plant nurseries are cooler storage and freezer storage; they
are differentiated by their temperatures (fig. 7.4.12A) and
the recommended duration of storage (table 7.4.1). When
the photosynthetic recovery of cooler- and freezer-stored
plants after outplanting was monitored, differences were
minimal (fig. 7.4.12B). A review of nursery research and
operational experience shows that cooler storage is best
for periods of 2 months or less, whereas freezer storage
is recommended for longer storage periods. Cooler storage
is preferred when nursery stock is outplanted throughout
the winter. For example, in the Southern States, cooler stor-
age periods vary from a week or less in the late summer or
fall to as long as 3 months (Dumroese and Barnett 2004).
Although no research has been published on the subject,
operational experience has shown that many broadleaved
trees and shrubs store better in coolers (Davis 1994) (fig.
7.4.12B), and many other native plant species can be
stored this way as well (table 7.4.2). Some species, such as
black walnut (Juglans nigra) and dogwood (Cornus spp.),
have serious problems with root rot in cooler storage.
Considerable variation exists between species, however, so
there is no substitute for practical experience. 

Freezer storage has become the standard operating pro-
cedure for many commercial conifer nurseries (Hee 1987;
Kooistra 2004), but less is known about how other native

Table 7.4.1—Comparison of types of refrigerated storage

Type of storage   In-container temperature Recommended length of storage     Best type of packaging

Cooler storage 1 to 2 °C (33 to 36 °F) 2 weeks to 2 months Kraft-polybags 
or cardboard boxes 
with plastic bag liners

Freezer storage    –2 to –4 °C (30 to 25 °F) 2 to 8 months Cardboard boxes with
plastic bag liners

plants tolerate it. Because plant carbohydrate reserves
decrease during cooler storage, freezer storage is recom-
mended for storage durations longer than 2 months; even
so, 6 to 8 months appears to be the practical limit for
freezer storage (Ritchie 2004). Although carbohydrate
reserves are conserved better with freezer storage, the pri-
mary reason for choosing freezer storage is the reduced
incidence of storage molds. Because freezing converts all
the free water in the storage container to ice, the develop-
ment of pathogenic fungi such as gray mold (Botrytis
cinerea) is retarded (Trotter and others 1992). After pack-
ing, plants should be frozen as quickly as possible to mini-
mize carbohydrate loss and reduce the possibility of mold
development (Kooistra 2004).

To ensure good air circulation in the storage unit, boxes
of nursery stock are loaded onto pallets and then stacked
onto shelving (fig. 7.4.13A) to improve air flow and pre-
vent heat buildup. Refrigerated vans (“reefers”) are some-
times used for temporary storage (fig. 7.4.13A) but are
prone to breakdown and therefore are no substitute for
well-designed refrigeration units. 

7.4.5.1 Physiology of plants in refrigerated storage

Although refrigeration is the most expensive way to store
nursery stock, it offers significant physiological advan-
tages over other methods. As shown earlier (fig. 7.4.2),
refrigerated storage can even increase the quality of
stored plants. Camm and others (1994) present an excel-
lent overview of the subject, although the authors do not
always distinguish between bareroot and container
stock. Ritchie (1987) is also informative. More informa-
tion on all aspects of seedling quality can be found in
Chapter 7.2.
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Figure 7.4.12—The actual temperature difference between
cooler and freezer storage is minimal (A), and studies of 
photosynthetic recovery after outplanting show little
difference (B). Species differences exist, however, and
operational experience has shown that some broadleaf
trees and shrubs do better in cooler storage (C) (A,
modifed from Paterson and others 2001; B, modified from
Mattsson and Troeng 1986).
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Dormancy. Most research has been done on bud 
dormancy, and its intensity is measured by days to bud
break (DBB). Refrigerated storage temperatures can par-
tially satisfy the chilling requirement of dormant stock
(Burr and Tinus 1988) and then prolong the release of
dormancy until later in the spring (Dunsworth 1988).
Several studies have proven that freezer storage is as
effective as cooler storage in releasing dormancy (fig.
7.4.14A), provided plants have reached a certain level
of cold hardiness prior to storage. In one study with

white spruce (Picea glauca) (Harper and others 1989),
dormancy release in freezer storage continued for as
long as 6 months. Cooler storage and freezer storage
maintain dormancy equally, and plant performance after
outplanting appears to be similar. For example, when the
photosynthetic recovery of Scots pine (Pinus sylvestris)
seedlings stored in cooler or freezer storage was meas-
ured during the first season after outplanting, little differ-
ence was noted in outplanting performance (Mattsson and
Troeng 1986).

Table 7.4.2—Nontimber native plant storage at Coeur d’ Alene Nursery varies with species and 
outplanting window (Burr 2004)

Scientific name Common name Packaging Type of storage Outplanting window

Alnus rubra Red alder Pull, bag, and box Freezer Spring outplant

Alnus sinuata Sitka alder Pull, bag, and box Freezer Spring outplant

Amelanchier alnifolia Serviceberry Pull, bag, and box Freezer Spring outplant

Arctostaphylos uva-ursi Kinnikinnick Pull, bag, and box Cooler Spring outplant

Arctostaphylos uva-ursi Kinnikinnick Overwinter in Cooler Spring regrowth,
greenhouse summer/fall outplant

Ceanothus velutinus Snowbrush Overwinter in Cooler Spring regrowth,
greenhouse summer/fall outplant

Menziesia ferruginea Fool’s huckleberry Overwinter in Cooler Spring regrowth,
greenhouse summer/fall outplant

Rosa woodsii Woods’ rose Pull, bag, and box Freezer Spring outplant

Rosa woodsii Woods’ rose Pull, bag, and box Cooler Spring outplant

Rosa woodsii Woods’ rose Overwinter in Cooler Spring regrowth,
greenhouse summer/fall outplant

Salix spp. Willows Pull, bag, and box Freezer Spring outplant

Spirea betufolia White spirea Pull, bag, and box Cooler Spring outplant

Spirea douglasii Rose spirea Pull, bag, and box Cooler Spring outplant

Symphoricarpus albus Snowberry Pull, bag, and box Freezer Spring outplant

Xerophyllum tenax Beargrass Overwinter in Cooler Spring regrowth, 
greenhouse summer/fall outplant
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Cold hardiness. Obviously, nursery stock must be cold
hardy to tolerate overwinter storage, but the operational
importance of cold hardiness is its relationship to overall
stress resistance. Cold hardiness tests are routinely used
as a storability index (see Chapter 7.2). Exactly how
refrigerated storage affects the development or mainte-
nance of cold hardiness is an important question but,
unfortunately, little research has been published on
container plants. In one test, interior spruce seedlings in
freezer storage initially gained more cold hardiness but
then lost up to half their hardiness by the end of the
storage period (fig. 7.4.14B).

Stress resistance. This quality attribute reflects a plant’s
overall tolerance to the many physical and physiological
stresses during harvesting, storage, shipping, and outplanting.
Again, little research has been done with container stock,
but Douglas-fir seedlings stored under refrigeration
showed improved tolerance to low temperatures, root
desiccation, and handling stresses (Ritchie 1986). 

Root growth potential (RGP). Most studies of new root
growth of plants under refrigerated storage show variable
results with no discernable trends. For example, when white
spruce seedlings were removed from freezer storage at inter-
vals through the winter and were potted to observe new
root growth, RGP was found to increase for 3 to 4 months
and then to decrease (fig. 7.4.14C) (Harper and others
1989). This agrees with Mattsson and Lasheikki (1998) who
found that RGP of Siberian larch (Larix sibirica) container
stock decreased after about 4 months of refrigerated storage.

Stored carbohydrates. After plants are harvested and
placed in dark, refrigerated storage, they begin to use stored
carbohydrates, even in freezer storage (fig. 7.4.14D).
Carbohydrate reserves are measured as total nonstructural
carbohydrates (TNC) as opposed to structural carbohydrates,
which cannot be used for energy. Ritchie (2004) estimated
that conifer seedlings contain from 15 to 20 percent dry
weight of TNC when they are harvested, and they gradually
decrease during refrigerated storage. Obviously, the longer
plants are stored under refrigeration, the less energy
reserves they have for survival and growth after outplanting.
Because of species differences and the wide variation of
outplanting site conditions, the lower limit for TNC varies
significantly. Coastal sources of Douglas-fir seedlings are in
a critical area when they reach 10 to 12 percent of total
dry weight (Ritchie 2004).

Figure 7.4.13—To ensure uniform temperatures through-
out the refrigerated storage units, boxes must be spaced
on shelving to allow good air flow (A). Portable reefer
vans (B) should be used only for short-term refrigerated
storage.

B

A
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Figure 7.4.14—Cooler and freezer storage are effective in fulfilling the chilling requirement after plants have attained a
certain level of cold hardiness (A) and also have other effects on plant physiology. Compared with outside storage, conifer
seedlings maintained their cold hardiness better under refrigeration (B). Root growth potential increased for about 4
months, and then declined (C). Freezer storage slows the decline in stored carbohydrates more than cooler storage and so
is preferable for long-term storage (D) (A, from Ritchie 2004; B, modified from Grossnickle and others 1994; C, modified
from Harper and others 1989; D, modified from Ritchie 1982).

  7.4.5.2 Handling, thawing, and outplanting frozen stock

For many nursery clients, freezer storage is a relatively
new practice and some clients have expressed concern
about whether frozen stock can be safely transported.
Experience with commercial conifers has shown that
frozen seedlings can be shipped without serious injury
(Kiiskila 1999), but, like all stock, frozen stock should
always be handled with care. 
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The speed at which frozen plants are thawed has also
caused concern with many nursery customers. Initially,
slowly thawing frozen stock was considered best, but rapid
thawing is now gaining support. In the most comprehen-
sive experiments to date, Camm and others (1995) studied
the physiological effects of thawing regimes on the physiol-
ogy of container spruce seedlings. They found no signifi-
cant differences between rapid (1 to 2 days at 15 °C [60
°F]) and slow thawing (17 days at 5 °C [41 °F]). For

DC

A B
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instance, seedling moisture stress was found to recover in
only 4 to 5 hours during rapid thawing (fig. 7.4.15A). These
positive results were confirmed by operational trials in
British Columbia (Silim and Guy 1998) that showed rapid
thawing of frozen stock (15 °C [60 °F] for 1 to 2 days)
resulted in less carbohydrate loss and produced better out-
planting performance (fig. 7.4 15B). The Nursery Technology
Cooperative at Oregon State University did a similar study
and found no significant difference between slow or rapid
thawing periods or for stock that was rapid thawed and then
held in cold storage (Rose and Haase 1997). In one of the
most well-designed and long-term studies, freezer-stored
Norway spruce container stock was thawed in cardboard
boxes at 39 or 54 °F (4 or 12 °C) for up to 16 days before
outplanting. When outplanting survival was measured after
3 years, the best thawing temperature was 12 °C (54 °F) for
4 to 8 days, which also prevented mold development
(Helenius and others 2005). Based on this research, rapidly
thawing frozen stock for several days at (50 to 60 °F) can be
recommended.

Obviously, common sense must be applied and thawing
should be done out of direct sunlight, but it seems that
the quicker the thaw, the better. The problem of increased
susceptibility to storage molds is a rather specious concern,
because fungal growth will be slow in cold storage.

Changing weather can shut down outplanting projects
very quickly, which raises the question about what to do
with the thawed plants. No research has been published
on this problem, but Ritchie (2004) recommends cooler
storage if the delay will be only a few days but freezing
the stock if several weeks will elapse. The very latest
research involves the direct outplanting of still-frozen
seedlings. Comparison outplantings showed that when
frozen container stock was planted, it thawed rapidly
without any significant effects on plant growth (Kooistra
and Bakker 2002, Islam and others 2008). This can pose an
operational challenge, however, because freezer storage
usually results in plants freezing together to form one large
mass. Therefore, direct outplanting of frozen stock cannot
be accomplished unless plants can be easily singulated.

Figure 7.4.15—Although slow thawing of frozen nursery
stock was initially favored, rapid thawing has been proven
to have no adverse affects in terms of plant moisture
stress (A) or other physiological variables. Outplanting
trials have confirmed that rapid thawing is actually beneficial
to seed-ling growth (B) (A, modified from Camm and
others 1995; B, modifed from Silim and Guy 1998).

Some seedlings 
fully thawed

All seedlings 
fully thawed

0
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

50 100 150

Thawing time (min)
X

y
le

m
 w

a
te

r 
(M

P
a
)

200 250 300 350

Pine
6

4

2

Spruce
10

8

6

4
0 2
Duration of thawing (weeks)

Se
ed

lin
g 

siz
e a

fte
r o

ut
pl

an
tin

g 
(g

)

4  6

A

B



126

During overwinter storage, plants can be considered as
being in a state of “suspended animation”—the plants are
alive but their physiological functions have slowed to a min-
imum. The critical limiting factor that maintains dormancy
during storage is temperature. Therefore, temperature should
be rigorously monitored throughout the overwinter storage
period (Kooistra 2004). Electronic thermometers with long
probes are very useful for monitoring temperature in storage
containers (fig. 7.4.16A). Small and inexpensive data loggers
are self-contained recording devices that monitor tempera-
ture, humidity, and other weather variables that contribute
to plant stress (fig. 7.4.16B). New models like the Hobo®

are small enough to place in storage packages where they
detect both incidence and duration of exposure (McCraw
1999). Thermochron iButtons® are even smaller and almost
indestructable (Gasvoda and others 2003). Both can moni-
tor temperature over time and the data can be downloaded
to a computer (fig. 7.4.16C). Any thermometer or tempera-
ture recording device must be calibrated annually to make
sure it is accurate; an easy way to do this is to place the
temperature probe in a mixture of ice and water and the
temperature should read exactly 0 °C (32 °F) (fig. 7.4.16D). 

It is important to measure temperature within the contain-
ers as well as in the storage building, because the two
locations tell different things. Because stored plants are
still respiring, they generate a small amount of heat,
which means that the in-bag or in-box temperature will

always be a couple of degrees warmer than the ambient
environment. For this reason, the setpoint temperature for
the storage environment should always be 1 to 2 degrees
cooler than the desired temperature in the container
(Kooistra 2004). For example, you may have to operate
with a setpoint of –2 °C (28 °F) to obtain a temperature
of –1 °C (30 °F) in-box temperature. The temperature in
the storage facility should be monitored as well, because
it tells whether the compressors are working properly and
good distribution of cold air is occurring (Landis 2000).

After temperature, the next most critical factor to monitor
is moisture. Even hardy, dormant plants can dry out dur-
ing overwinter storage. This is more of a concern with
evergreen species because they will begin to transpire
whenever exposed to heat and light. As mentioned earlier,
desiccation is a continual threat in refrigerated storage,
especially freezer storage. Even deciduous species can be
damaged, so it is important to check plants occasionally
during the storage period and to irrigate, if necessary.
Because water is so heavy, weighing storage boxes is the
most accurate way to monitor moisture loss during
storage. Many nurseries measure plant moisture stress
with a pressure chamber prior to and during harvesting
(see Chapter 7.2); this equipment also affords a quick
and accurate way for monitoring the degree of plant
desiccation during storage (Landis 2000).

7.4.6 Monitoring Plant Quality in Storage
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Figure 7.4.16—Temperature can be monitored with long-stemmed electronic thermometers (A). Small hygrothermographs
like the Datapod® can monitor both temperature and relative humidity (B). Even smaller, the iButton® can monitor temper-
ature for weeks or months, and the data can be downloaded to a computer (C). Calibrate any thermometer in a water and
ice mixture to make sure it is accurate (D).
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7.4.7 Causes of Overwinter Damage

Overwinter storage has many potential hazards for stored
plants (table 7.4.3), and growers should periodically mon-
itor stock for the following hazards.

7.4.7.1 Cold injury

Cold injury can develop from a single frost or during an
extended period of cold weather. Damage is most com-
mon in the late fall or early spring, when plants are enter-
ing or coming out of dormancy. Cold injury is directly
related to plant dormancy or cold hardiness. The shoots
of native plants that have been properly hardened can
tolerate freezing temperature extremes expected in the
geographic area from which they originate, but cold
hardiness and dormancy are lost as winter progresses.
The lateral meristem at the root collar can be injured
by frost (fig. 7.4.17A), as can the buds. This type of
injury is very difficult to diagnose without destructive
sampling, because symptoms may not become evident
until later in the spring.

Root systems need special protection because they are
injured at much higher temperatures than shoots.
Furthermore, young fibrous roots are less hardy than older
woody roots and will be injured at higher temperatures.
Rooted cuttings are particularly vulnerable to injury because
their roots have not yet developed protective layers. Young
roots are typically on the outside of the container and are
the first to be injured by cold temperatures (fig. 7.4.17B).
Where freezing temperatures occur, cold injury to roots is
the most common type of overwinter damage. Because
shoots do not show symptoms immediately, root injury
often goes unnoticed and the damage becomes evident after
outplanting. Therefore, growers should design their overwin-
tering systems to protect all roots from damaging tempera-
tures during overwinter storage. 

7.4.7.2 Desiccation

Winter drying is actually desiccation injury and occurs
whenever plants are exposed to extreme moisture stress,
especially wind and/or direct sunlight (fig. 7.4.17C).
Damage is most severe when the growing medium and
roots remain frozen for extended periods while the shoots
are exposed to sun and wind. Plants can even become
desiccated when they are stored under frost-free refrigera-
tion without proper packaging. Winter drying is not

directly related to plant dormancy or cold hardiness—
even the most dormant and hardy stock can be damaged.
Plants stored near the perimeter of open compounds or
sheltered storage are most susceptible (fig. 7.4.17D), but
even plants covered by snow can be damaged if their
tops become exposed. This type of desiccation can be
prevented if open or shelter-stored stock can be irrigated
during the winter storage period and if effective perimeter
insulation is used. 

7.4.7.3 Loss of dormancy 

Loss of dormancy happens most often when container
stock is overwintered in greenhouses. During winter peri-
ods of clear, sunny weather, greenhouses can heat up and
cause plants to lose dormancy. Loss of dormancy
becomes progressively more serious during late winter
and early spring, when plants have fulfilled their chilling
requirements and cold temperatures are the only thing
keeping them from growing (fig. 7.4.17E). Although refrig-
erated storage is the best prevention, using white or
reflective coverings in structureless storage minimizes the
effects of sunlight and prevents heat buildup. Monitor the
temperature frequently in sheltered storage and ventilate
if necessary. 

7.4.7.4 Storage molds

The type of storage conditions will determine the types of
disease problems that may be encountered. Although
fungal diseases can be a problem in open storage or
shadehouses, they are most serious when plants are
overwintered under refrigeration (table 7.4.3). Some
fungi, such as Botrytis cinerea, actually prefer the cold,
dark conditions in storage bags and boxes and will con-
tinue to grow and damage plants whenever free moisture
is available (fig. 7.4.17F). Some nurseries apply fungi-
cides before overwinter storage, but careful grading to
remove injured or infected plants is the best prevention.
Freezer storage has become popular because it prevents
the further development of storage molds. Much more
information is provided in Section 5.1.6 in Volume Five
of this series.
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Figure 7.4.17—Overwinter storage is a time of considerable risk for nursery
stock. Cold temperatures can damage nonhardy tissue, such as the lateral
meristem (A). Roots are particularly susceptible because they will grow
whenever temperatures permit (B). Winterburn (C) is actually desiccation and
is particularly severe around the perimeter of storage areas (D). Overwintered
plants gradually lose dormancy and can break bud during late winter or early
spring (E). Storage molds (F) are most serious in cooler storage, whereas ani-
mal damage can be a real problem in sheltered storage (G).
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Table 7.4.3—Plants can be injured by several types of stresses during overwinter storage

Type of damage Cause Preventative measures for types of storage

Open Sheltered Refrigerated

Cold injury Temperatures below plants’ Properly harden plants to tolerate maximum
(fig. 7.4.17A-B) cold hardiness level expected cold temperatures

Roots are much more 
susceptible than shoots

Drought injury Exposure to intense sunlight and Fully saturate media before storing
(Winter desiccation) especially drying wind
(fig. 7.4.17C-D) Shade plants Cover stock Use moisture-

and protect with moisture- retentive
from wind retaining film packaging

Loss of dormancy Temperatures above 5 °C (40 °F) Not possible Monitor and Maintain cold
(fig. 7.4.17E) ventilate as in-box

needed temperatures.

Storage molds Warm temperatures; Prevent injury to plant tissue;
(fig. 7.4.17F) latent infections of Botrytis cull damaged plants

Keep foliage Keep foliage Use freezer
cool and dry cool and dry storage if 

stored more
than 2 months

Animal damage Small rodents and even rabbits Exclude larger animals with Not a 
(fig. 7.4.17G) can girdle stored nursery stock fencing; use poison bait problem

for rodents

7.4.7.5 Animal damage

The only type of overwinter storage where animals will
not pose a threat is refrigerated storage. Small rodents,
such as mice and voles, can be pests in shadehouses and
structureless systems (fig. 7.4.17G), because the pests are
protected from natural predators and from harsh weather

conditions. Baiting or trapping to keep populations low
can be effective if started early in the season. Large ani-
mals, such as deer and rabbits, can be pests in open,
structureless, and shadehouse storage, but fencing is an
effective way to prevent damage. See section 5.1.6 in
Volume Five of this series for more specific information.
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7.4.8 Summary and Conclusions

Nondormant plants destined for nearby outplanting may
go from the nursery to the field with little or no storage
(hot-planted). More commonly, dormant plants are stored
during winter until they can be outplanted. Storage
becomes more important as the distance from the nursery
to the outplanting sites increases, differences between cli-
mates at the nursery and field sites are great, and nurs-
eries produce large quantities of plants requiring months
to process. Therefore, storage is an operational necessity
rather than a physiological requirement. 

Overwinter storage should be developed to meet local
climate, plant type, and production factors. In general,
three types of overwinter storage are used: open, struc-
tureless, and structured. In open storage, plants are left
outdoors, on the ground, and are protected from sun and
wind by larger trees and snowfall. Plants stored in a struc-
tureless system are also outdoors and on the ground, but
they are protected from the vagaries of winter weather by
various applications of plastic and/or Styrofoam™ sheets.
Structured storage can be very simple, such as a cold
frame, progressing through modest structures, such as
polyhouses and shadehouses that provide some climate
control, to the most complex systems—refrigerated units.
Refrigerated storage includes coolers (temperatures just
above freezing), which are best for short-term storage of
plants (2 weeks to 2 months), and freezer storage (temper-
atures just below freezing), which is best for long-term
storage (2 to 8 months).

Regardless of the type of storage used, plants should be
regularly monitored to ensure that pests (animals and stor-
age molds) are not becoming a problem, temperatures are
in the proper range to keep plants dormant, and medium
moisture is appropriate to avoid desiccation.

After storage, plants should be shipped carefully to the
field. Stock kept in freezer storage can be safely shipped
while still frozen, but if thawed at the nursery, the thaw-
ing process should be rapid to reduce carbohydrate losses
and development of storage molds.

Successful storage of container plants is one of the most
challenging and important aspects of nursery manage-
ment. Many types of overwintering systems can be
employed, depending on location, climate, and species
grown; more than one system may be used at a nursery.
Determining when it is safe to harvest plants so that they
will maintain a high level of quality throughout the stor-
age period and to the outplanting site is one of the most
challenging aspects of nursery management.
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7.5.1 Introduction

Nursery plants are in a period of high risk from the time
they leave the protected environment of the nursery to
when they are outplanted. Good guidelines for proper care
during this critical time have been published for bareroot
nursery stock (DeYoe 1986; USDA Forest Service 1989),
and the same guidelines apply to container plants. During
handling and shipping, nursery stock may be exposed to
many damaging stresses, including extreme temperatures,
desiccation, mechanical injuries, and storage molds (table
7.5.1). This is also the period of greatest financial risk,
because nursery plants have reached their maximum value
right before shipping (Paterson and others 2001). Adams
and Patterson (2004) concluded that improper handling of
nursery stock was a more important factor than the type of
outplanting tool.

One reason for the increasing preference of container
stock is that it tolerates the abuses of storage, shipping,
and handling better than bareroot plants. This is particu-
larly true with many broadleaved trees and other native
plants; for example, oak (Quercus spp.) and beech (Fagus
spp.) seedlings grown in a variety of containers tolerated
rough handling better than bareroot stock (fig. 7.5.1). In a
hardwood restoration outplanting, even the highest quali-
ty nursery plants did not survive and grow well if they
were not handled properly (Self and others 2006).
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Figure 7.5.1—Oak and beech container plants tolerated
rough handling much better than did bareroot stock
(Kerr 1994).
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Table 7.5.1—Nursery plants are subjected to a series of potential stresses, from harvest through outplanting
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Figure 7.5.3—When bareroot conifer nursery stock was
exposed for 5 minutes, plant moisture loss increased with
higher temperatures and wind until plant survival and
growth were adversely affected (modified from Fancher
and others 1986).

It is important to emphasize that nursery plants are alive
and perishable, and so should be treated with utmost care
at all times. Stressful injuries incurred between lifting
from the nursery and outplanting, however, are often not
evident until several weeks after planting. Symptoms
include browning, chlorosis, poor survival, or decreased
growth and are commonly known as “transplant shock”
or “check.” It can be extremely difficult to pinpoint the
exact stress that leads to these symptoms (fig. 7.5.2A). It
is a waste of time and money to produce or purchase
high-quality plants only to have them die or grow poorly
after outplanting as a result of these unnecessary stresses.
As emphasized in Chapter 7.2, plants are best able to
tolerate stress when they are not actively growing.
Nonhardened, succulent plant tissue is much more vulner-
able to stresses (fig. 7.5.2B). Regular monitoring of plant
condition, close supervision of nursery and field person-
nel, periodic testing of plant quality, and maintenance of
detailed records are essential to document conditions
during shipping and handling.

Three stresses are most common after stock leaves the
nursery: moisture, temperature, and physical.

7.5.2.1 Moisture stress

Desiccation is the most common stress encountered
during handling, shipping, and storage at the field site
(onsite storage) and can have a profound effect on sur-
vival and growth. Plant water potential influences every
physiological process, and at stressful levels, can greatly
reduce growth, even if survival is unaffected. These
damaging effects can persist for several seasons after
outplanting.

Roots are the most vulnerable to desiccation because,
unlike leaves and needles, they have no waxy coating or
stomata to protect them from water loss. Fine root tips
have a greater moisture content than woody roots and are
most susceptible to desiccation. If fine roots appear dry,
then they are probably already damaged although it is dif-
ficult to quantify the amount of injury in the field. When
exposed for just 5 minutes, bareroot conifer seedlings
exhibited increasing moisture loss with increasing air
temperature and wind speed (fig. 7.5.3). This shows the
critical importance of keeping nursery plants cool, out of
direct sunlight, and protected from drying winds. 

Figure 7.5.2—It is often
difficult to determine
exactly which stresses
lead to “transplant shock”
or “check” (A). Nonhardy
and nondormant nursery
stock (B) is much more
susceptible to all types of
stresses during handling
and shipping.

7.5.2 Minimizing Stresses During Handling

A

B
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Fortunately, roots of container plants are protected some-
what by the growing medium, which serves as a reservoir of
water and nutrients. If the plug is allowed to get too dry,
however, desiccation damage can be severe. Once roots
have dried, subsequent growth reductions are inevitable,
even when shoot water potential recovers (Balneaves and
Menzies 1988). Dormant conifer plants are more vulnerable
to damage from root exposure than are dormant hardwood
plants.

Moisture stress can be avoided by making sure plugs are
kept moist (but not saturated) throughout their journey
from nursery to outplanting. Container stock should be
irrigated 1 to 2 days before harvesting, depending on
weather conditions (Fancher and others 1986). This allows
the plugs to drain to field capacity; saturated media is
unhealthy for roots, increases shipping and handling
weight, and increases the potential for storage molds.

7.5.2.2 Temperature stress

Either hot or cold temperature extremes can quickly
reduce the quality of nursery plants during handling and
shipping. 

Exposure to warm temperatures can damage stock in sev-
eral ways. 

Increased hazard from storage molds. Pathogenic fungi,
such as Botrytis mold, can survive in all types of storage and
may grow rapidly during shipping in the humid environ-
ment of a storage bag or box if the temperatures are too
warm. Increased carbon dioxide from plant respiration in
storage and shipping containers is also thought to stimulate
fungal development. There have been anecdotal reports of
storage mold “blowups” in boxes of freezer stored nursery
stock after only a few days exposure to ambient conditions.
Storage molds are discussed in detail in Volume Five.

Accelerated resumption of growth. Nursery plants that
are stored during the winter are harvested at peak hardiness,
which is ideal for storage, shipping, and handling. When
ready for outplanting, properly stored plants have had
their chilling requirements fully satisfied, however, and
cold temperature is the only environmental factor that
prevents resumption of growth. After their chilling
requirement has been met, stored nursery stock exposed
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Figure 7.5.4—Cold-stored Norway spruce (Picea abies)
seedlings exposed to short periods of warm temperatures
(17 °C [63 °F]) rapidly broke dormancy after the chilling
requirement had been met (modified from Hanninen and
Pelkonen 1989).

to even a short period of warm temperatures will rapidly
initiate shoot growth (fig. 7.5.4). 

Moisture stress. Stagnant air within the storage or shipping
bag or box is a poor heat conductor, but direct sunlight
and wind can rapidly increase plant temperatures and
cause serious moisture stress (fig. 7.5.3). 

Heat stress. Stored nursery plants are alive and respiring.
This means, when plants are exposed to warm tempera-
tures, their respiration adds heat to their environment; this
is particularly serious in closed environments such as
storage or shipping bags or boxes. Maintaining good air
circulation in storage areas, especially in nonrefrigerated
storage, will minimize heat buildup due to plant respiration.

Freezing damage. Freezing temperatures can damage
nursery stock. Because they are much less cold-hardy,
roots are much more susceptible than shoots to freeze
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Figure 7.5.5—When bags of conifer seedlings were dropped
from different heights, their ability to produce new roots
(root growth potential) was significantly reduced (A). This
mechanical injury still affected plant growth 2 years after
outplanting (B) (modified from Stjernberg 1996).

damage. Ambient and in-box temperatures should be
monitored regularly; temperature monitoring equipment is
now inexpensive and readily available (See Section 7.4.6).
Freezing damage has even occurred in cooler storage
during shipping because of equipment failure. This is
common, because refrigeration units on shipping vans are
notoriously fickle and air circulation is restricted. Boxes
in the front of the van near the refrigeration units will
necessarily be colder than those in the back. Resist the
temptation to overpack trucks; leave adequate space for
good air circulation (Rose and Haase 2006). Stock that
has been cooler stored should be shipped at these same
temperatures (0.5 to 1 °C [33 to 34 °F]), whereas frozen
stock can be shipped under warmer temperatures to begin
the thawing process.

When nursery stock reaches the outplanting site, the
plants should be kept as cool as possible. Onsite storage
is discussed in Chapter 7.6.

7.5.2.3 Physical stress

Boxes of nursery plants are handled many times from
when they leave the nursery until the plants are finally
outplanted. Rough handling can result in reduced plant
performance after outplanting. Each person involved in
the hand-ling and shipping of nursery stock should
receive training on how to minimize physical stresses.

The potential for physical damage to nursery stock can
come from dropping, crushing, vibrating, or just rough
handling. It is easy to forget that nursery plants are alive
when they are in boxes. Studies have shown that the
stress of dropping boxes of seedlings reduced root growth
potential, decreased height growth, increased mortality,
and increased fine-root electrolyte leakage (McKay and
others 1993; Sharpe and others 1990; Tabbush 1986).
Stjernberg (1996) did a comprehensive evaluation of the
physical stresses that nursery stock is subjected to during
transport from the nursery to the outplanting site. Root
growth potential tests on boxes of cooler-stored white
spruce seedlings showed fewer new roots were produced
as the distance the box was dropped increased (fig. 7.5.5A).
Interestingly enough, volume growth of these seedlings
still showed growth depression 2 years after outplanting
(fig. 7.5.5B).
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7.5.2.4 Accumulated stress

Nursery plants are at their maximum quality immediately
before they are harvested at the nursery, but they then
must pass through many hands before being outplanted.
Outplanting success is dependent on maintaining plant
quality by minimizing stress at each phase of the opera-
tion. It is useful to think of plant quality as a chain in
which each link represents one of the sequences of
events from harvesting and storage at the nursery until
planting at the outplanting site (fig. 7.5.6). The cumulative
effect of the various stresses can be much greater than
any one individual stress.

As stress increases, the plant shifts energy from growth to
damage repair. Physiological functions are damaged and
survival and growth are reduced. These effects are exacer-
bated further when plants are outplanted on harsh sites.

Extremely careless handling of planting stock usually
manifests itself immediately after outplanting—plants die
within days or weeks. Unfortunately, the ramifications of
poor handling are usually more insidious and are not
immediately apparent because it causes a degree of
sublethal injury that only will be reflected in decreased
survival and growth weeks or months after outplanting. A
good example is root injury. Roots that have been damaged
by exposure or freezing may not look any different, but they
have lost the ability to function properly. This condition is
particularly serious with container stock because these
injuries primarily affect roots on the outside of the root plug.
Because the roots on the inside still function, damaged
plants are able to remain turgid and so appear normal. After
outplanting, however, the damaged roots cannot grow out
into the surrounding soil, so plants struggle for a while and
may eventually die. On moist sites with low evaporative
demand, this can take weeks or months. 

Figure 7.5.6—Nursery plants are subjected to a series of stresses from the time they are harvested to when they are outplant-
ed. Each stage in the process represents a link in a chain, and overall plant quality is only as good as the weakest link. 

Figure 7.5.7—It is useful to think of nursery plant quality
as a checking account in which all types of abuse or stress
are withdrawals. Note that all stresses are cumulative and
no deposits can be made—it is impossible to increase
plant quality after nursery harvest.
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Because all types of abuse or exposure are cumulative, it
is helpful to think of nursery plant quality as a checking
account. Immediately before harvesting, plants should be
at 100 percent quality, but all subsequent stresses are
withdrawals from the account (fig. 7.5.7). It is impossible
to make a deposit—nothing can be done to increase plant
quality after plants leave the nursery.
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When nursery stock is ready to outplant, it must be moved
from nursery storage to the outplanting site. Nursery
employees usually use the same handling system to move
plants in and out of storage, and the equipment is gener-
ally conveyors, handcarts, forklifts, and other motorized
handling equipment that was discussed in Volume One.
Shipment to the customer or outplanting site, however,
often requires specialized handling and equipment. The
best handling system for shipment will depend on plant
physiological condition, container type and size, and
whether the plants will be shipped in their containers.

7.5.3.1 Shipping in the growth container

When container nursery stock was first produced back in
the 1970s, most nurseries shipped plants to their cus-
tomers in the growth container. Some nurseries still use
this practice and usually stack containers on metal or
wooden racks inside the delivery van (fig. 7.5.8A). This
method works best when shipping distances are relatively
short and the roads are not overly rough. Some nurseries
place their containers inside cardboard boxes for ship-
ping. Unfortunately, used containers need to be returned
to the nursery, requiring a second trip, and often the con-
tainers are damaged during transit (fig. 7.5.8B).

Shipping in containers has worked well for forest industry
nurseries that grow stock for their own lands. For example,
J.D. Irving, Limited, a reforestation company in New
Brunswick, Canada, has developed a sophisticated pallet
handling system for moving containers about the nursery
and to the outplanting site (figs 7.5.8 C&D). Their system
allows efficient handling of container plants while pro-
viding excellent protection against mishandling. After
the stock is outplanted, the same pallets are used to
transport empty containers back to the nursery without
damage (Brown 2007).

One primary advantage of this system is that plant roots
are protected by the container and, if plants must be held
in temporary storage before planting, they can be irrigat-
ed (fig. 7.5.8E). Nursery stock that will be hot-planted is
not fully hardy and endures less stress when left in the
growth container. The major disadvantage of shipping in
containers is that a given number of plants occupies
considerably more volume and weighs more compared
with stock that has been extracted for storage. In addition,

7.5.3 Handling and Shipping Systems

stock shipped in the containers, especially those that
cannot be consolidated, is not necessarily graded, so cull
plants may also be handled and shipped.

Large container stock (> 500 ml [> 1 qt]) is always
shipped in its growth container because it is too large and
heavy to be handled any other way. The Forest Service
J.H. Stone Nursery in Central Point, Oregon, grows native
plants in containers up to 55 L (15 gal) in volume (fig.
7.5.9A). These plants are grown in special racks at the
nursery; these same racks are used to transport the plants
to the outplanting site (fig. 7.5.9B). 

7.5.3.2 Shipping in boxes or bags

Nursery stock extracted from growth containers and
stored in cardboard boxes requires much less storage
space and weighs less when shipped as compared with
stock shipped in their containers. In addition, the box
provides physical protection during storage, shipping,
and handling (fig. 7.5 10A). Boxes stack efficiently (fig.
7.5.10B) and pallets of boxes can be easily moved by
hand, pallet jack, or forklift and loaded quickly and
readily into delivery vans (fig. 7.5.10C). Delivery vans
should be equipped with racks; otherwise, the weight of
boxes stacked too high could mechanically damage the
stock (fig. 7.5.10D).
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Figure 7.5.8—Shipping plants in their growth containers
requires a rack system to support and protect the stock
(A). One drawback of this system is that containers must
be returned to the nursery and can be damaged in
transit (B). Some large forest nurseries have developed
sophisticated rack handling systems for shipping plants
to the outplanting site and returning the used containers to
the nursery (C&D). One advantage of shipping in the
growth container is that plants can be irrigated prior to
outplanting (E) (C&D, courtesy of J.D. Irving, Limited).
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Figure 7.5.10— Cardboard boxes provide protection to
plants during storage, shipping, and handling (A).  Because
they can be stacked, boxes make efficient use of space in
storage units and delivery vans (B).  Pallets of boxes can be
easily moved by hand or forklift (C).  Delivery vans should
use racks to prevent shipping boxes from being crushed (D).

Figure 7.5.9—Large container stock is always shipped in
the growth container and transported to the field in the
same nursery racks (A&B).
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7.5.4 Nursery Stock Delivery

Many different methods have been used to deliver plants
from the nursery to the outplanting site. The most appro-
priate method will depend on the distance involved, the
number of plants, and the dormancy and hardiness of the
stock. Although rail and even commercial airlines have
been used, most nursery stock is delivered by truck
because most outplanting sites are in remote locations.
Nursery plants can be subjected to severe mechanical
shocks during transport, especially on gravel or dirt roads,
and reducing speed will minimize potential injury
(Stjernberg 1997). 

7.5.4.1 Delivery in refrigerated trailers

Nursery stock, whether shipped in the container or
extracted and packed into boxes or bags, is typically
shipped by truck. For large quantities of plants, typical of
forest companies, and when the trip will take more than a
few hours, shipping is usually done by trucks with refrig-
erated trailers (“reefers”) (fig. 7.5.11A). Because high tem-
perature is the major risk factor during nursery stock
transport, the use of refrigerated vans has had a significant
effect on enhanced plant quality and outplanting success.
In a review of the success of southern pine plantations,
the use of refrigerated vans was named as the single most
important factor in making sure that plants arrived at the
outplanting site in good condition (Fox and others 2007).

The risk of injury to nursery stock increases with the ship-
ping distance. This is most critical for hot-planted stock
for summer or fall outplanting because the plants are not
fully dormant or at their peak of hardiness. When the out-
planting performance of hot-planted silver birch (Betula
pendula) seedlings was monitored, height growth meas-
ured after the first year was not affected by transportation
distance (Luoranen and others 2004). When the same
plants were measured after 3 years, however, shoot height
decreased with shipping distance (fig. 7.5.11B).

The temperature inside the trailer should be monitored
during transit because truck refrigeration units are prone
to failure. Both high- and low-temperature injury has
occurred when refrigerated units have malfunctioned. The
ideal temperature in a delivery truck depends on whether
the plants are going to be hot-planted or are coming from
cooler or freezer storage, especially if frozen stock needs
to thaw. In an operational trial, temperatures in boxes of
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Figure 7.5.11—Refrigerated vans (“reefers”) are used to
ship nursery stock for long distances (A). The risk of injury
to nursery stock increases with the shipping distance (B).
Dropoff reefer units can provide ideal long-term, onsite stor-
age (C) (B, modified from Luoranen and others 2004).
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Figure 7.5.12—Nonrefrigerated nursery delivery vehicles
should be painted white and insulated to keep inside
temperatures low (A). In open pickups, nursery stock
should be covered with tarps (B); special reflective
tarps (C) are commercially available. Research has
shown that reflective Mylar® tarps provide much better
insulation than standard green canvas ones (D) (D,
modified from DeYoe and others 1986).

refrigerated nursery stock ranged from 2 to 10 °C (36 to
50 °F) in refrigerated vehicles compared with 10 to 22 °C
(50 to 72 °F) in nonrefrigerated vehicles (Stjernberg 1996).
If boxes are loaded by hand, place spacers (such as
wooden boards or foam blocks) between boxes or bags to
allow air circulation and to prevent the load from shifting.

The Mt. Sopris Nursery in Colorado had specially designed
reefer units developed that could be dropped off on the
outplanting site to provide longer term, onsite storage
(Figure 7.5.11C).

7.5.4.2 Delivery in nonrefrigerated trucks

For shorter trips, nonrefrigerated trucks are often used.
Delivery vans should be aluminum or painted white to
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reflect sunlight and should be parked in the shade during
stops and when they reach the outplanting site (fig.
7.5.12A). Plant ProTek is a new insulated truck liner that
has been successfully tested with ornamental stock ship-
ments and should have application for native plant nurs-
ery stock (Anonymous 2006). Adding “blue ice” in the
boxes of small shipments would help keep temperatures
down, although it could increase delivery costs. 

Small pickup trucks. If open pickups must be used, then
boxes of plants should be covered with a reflective tarp
(fig. 7.5.12B). Specially constructed Mylar® tarps with
white outer and silver inner surfaces are available from
reforestation supply companies (fig. 7.5.12C). In opera-
tional trials, plants under such tarps were as cool as those
stored in the shade (fig. 7.5.12D). Dark-colored tarps,
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Figure 7.5.13—Bundles of plants are taken from bulk
bins in cooler storage (A), individual orders are assem-
bled in cardboard shipping boxes (B), boxes are weighed
(C), and shipping labels with bar codes are printed (D).
Boxes are shipped to customers by package delivery
early each week to ensure delivery before the weekend
(E). The value of proper packaging becomes especially
apparent with nursery stock delivered by commercial
parcel services (F).

such as army-green canvas, laid directly on boxes, how-
ever, allow plants to heat to damaging levels and should
never be used (DeYoe and others 1986). 

Commercial parcel trucks. Many State and private nurseries
often ship small quantities of an assortment of native
plants to a variety of customers. For example, the
University of Idaho Frank Pitkin Nursery, which serves as
the State nursery for Idaho, routinely ships an average of
120 seedlings at a time to each of its 1,500 customers
throughout the state. To facilitate this, plants are extract-
ed from containers and placed into plastic bags. Bags of
plants are then bulked into stackable plastic tubs for
cooler storage (fig. 7.5.13A). These tubs provide maxi-
mum flexibility in the cooler, allowing the configuration
of the storage facility to be adjusted from year to year
as production numbers vary. As the shipping season
progresses, empty tubs can be removed from the cooler,
thus creating additional workspace to process orders.
As orders need to be shipped, employees move from
tub to tub, gathering the appropriate species and quan-
tities (fig. 7.5.13B). Completed orders are placed into
cardboard boxes, weighed (Figure 7.5.13C), labeled (fig.
7.5.13D), and prepared for shipping by commercial
delivery companies, such as United Parcel Service (UPS)
or FedEx (fig. 7.5.13E). Because these packages will not
always be handled by trained personnel, boxes must be
heavy duty to protect nursery stock (fig. 7.5.13F). Within
Idaho, all orders are usually delivered within 2 days.
Customers are advised automatically by e-mail when
their order leaves the nursery, and they receive tracking
numbers to monitor the delivery process.
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7.5.5 Summary and Recommendations

After a crop begins the process of leaving the growing or
storage area for the outplanting site, the financial and
plant-quality risks peak—plants have reached their full
economic value and should be at their highest quality
level. Plants are living, perishable organisms and it is
paramount to minimize stresses that can reduce their
quality. The three primary types of stress that seedlings
may encounter are moisture loss (desiccation), tempera-
ture extremes, and physical damage. Stock should be reg-
ularly monitored and handled gently to avoid exposure to
stress. The effects of stress are cumulative—plants
exposed to excessive stress may be dead at the time of
outplanting or die shortly afterward. Unfortunately, the
more common scenario is that the accumulation of stress
causes a gradual and cumulative reduction in survival and
growth that may or may not become apparent until weeks
or months after outplanting.

The key to successful handling and shipping is to minimize
stresses. Special equipment is often used to move plants
that remain in their original containers throughout storage
and shipping, thus reducing physical stress. Many nurs-
eries, however, extract stock from containers and store
and ship them in boxes or bags to reduce storage volume
and shipping weight and to avoid the logistics of having
containers returned to the nursery. In general, large num-
bers of plants, such as those shipped by reforestation, for-
est product, or Federal nurseries, are routinely shipped in
large refrigerated trailers to reduce temperature stress and
to maintain stock quality. For smaller nurseries, such as
private native plant operations and State facilities, and for
small quantities of stock that are being sent to locations
near the nursery, stock is often shipped without refrigera-
tion—such shipments are successful if care is taken to
minimize extremes of temperature and physical stress. 



Adams, J.C.; Patterson, W.B. 2004. Comparison of plant-
ing bar and hoedad planted seedlings for survival and
growth in a controlled environment. In: Connor, K.F.,
ed. Proceedings of the 12th biennial southern silvicul-
tural research conference. Gen. Tech. Rep. SRS-71.
Asheville, NC: USDA Forest Service, Southern
Research Station: 423-424.

Anonymous. 2006. Greenhouse on wheels: new shipping
technology converts dry vans into nursery stock
haulers. Digger 50(1): 46-47.

Balneaves, J.M.; Menzies, M.I. 1988. Lifting and handling
procedures at Edendale Nursery: effects on survival
and growth of 1/0 Pinus radiata seedlings. New
Zealand Journal of Forestry Science 18: 132-134. 

Brown, K.E. 2007. Personal communication. Juniper, NB:
J.D. Irving, Ltd., Juniper Tree Nursery.

DeYoe, D. 1986. Guidelines for handling seeds and
seedlings to ensure vigorous stock. Special Publication
13. Corvallis, OR: Oregon State University, Forest
Research Laboratory. 24 p.

DeYoe, D.; Holbo, H.R.; Waddell, K. 1986. Seedling pro-
tection from heat stress between lifting and planting.
Western Journal of Applied Forestry 1(4): 124-126.

Fancher, G.A.; Mexal, J.G.; Fisher, J.T. 1986. Planting and
handling conifer seedlings in New Mexico. CES
Circular 526. Las Cruces, NM: New Mexico State
University. 10 p.

Fox, T.R.; Jokela, E.J.; Allen, H.L. 2007. The development
of pine plantation silviculture in the Southern United
States. Journal of Forestry 105(7): 337-347.

Hanninen, H.; Pelkonen, P. 1989. Dormancy release in
Pinus sylvestris L. and Picea abies (L.) Karst. seedlings:
effects of intermittent warm periods during chilling.
Trees 3(3): 179-184.

Kerr, G. 1994. A comparison of cell grown and bare-rooted
oak and beech seedlings one season after outplanting.
Forestry 67(4): 297-312.

Luoranen, J.; Rikala, R.; Smolander, H. 2004. Summer
planting of hot-lifted silver birch container seedlings.
In: Cicarese, L., ed., Nursery production and stand
establishment of broadleaves to promote sustainable
forest management, APAT, 2004. IUFRO S3.02.00, May
7-10, 2001, Rome, Italy: 207-218. http://www.iufro.org/
publications/proceedings/ (accessed 23 January 2009). 

McKay, H.M.; Gardiner, B.A.; Mason, W.L.; Nelson, D.G.;
Hollingsworth, M.K. 1993. The gravitational forces
generated by dropping plants and the response of Sitka
spruce seedlings to dropping. Canadian Journal of
Forest Research 23: 2443–2451.

Paterson, J.; DeYoe, D.; Millson, S.; Galloway, R. 2001.
The handling and planting of seedlings. In: Wagner,
R.G.; Colombo, S.J., eds. Regenerating the Canadian
forest: principles and practice for Ontario. Markham,
ON, Canada: Ontario Ministry of Natural Resources
and Fitzhenry & Whiteside Ltd.: 325-341.

Rose, R.; Haase, D.L. 2006. Guide to reforestation in
Oregon. Corvallis, OR: Oregon State University,
College of Forestry. 48 p. 

Self, A.B.; Ezell, A.W.; Guttery, M.R. 2006. First-year sur-
vival and growth of bottomland oak species following
intensive establishment procedures. In: Connor, K.F.,
ed. Proceedings of the 13th biennial southern silvicul-
tural research conference. Gen. Tech. Rep. SRS-92.
Asheville, NC: USDA Forest Service, Southern
Research Station: 209-211.

Sharpe, A.L.; Mason, W.L.; Howes, R.E.J. 1990. Early for-
est performance of roughly handled Sitka spruce and
Douglas fir of different plant types. Scottish Forestry
44: 257–265.

Stjernberg, E.I. 1996. Seedling transportation: effect of
mechanical shocks on seedling performance. Tech.
Rep. TR-114. Pointe-Claire, QC, Canada: Forest
Engineering Research Institute of Canada. 16 p. 

Stjernberg, E.I. 1997. Mechanical shock during transporta-
tion: effects on seedling performance. New Forests
13(1-3): 401-420. 

Tabbush, P.M. 1986. Rough handling, soil temperature,
and root development in outplanted Sitka spruce and
Douglas-fir. Canadian Journal of Forest Research 16:
1385–1388.

(USDA Forest Service) U.S. Department of Agriculture.
1989. A guide to the care and planting of southern
pine seedlings. Southern Region, Mgt. Bull. R8-MB39.
44 p. 

149

7.5.6 Literature Cited



150



The Container Tree 
Nursery Manual

Volume Seven

Chapter 6
Outplanting



152

7.6.1 Introduction  154
Limiting factors on the outplanting site
Timing of the outplanting window
Outplanting tools and techniques

7.6.2 Outplanting Windows  155

7.6.3 Onsite Handling and Storage  157
7.6.3.1 Inspecting nursery stock  157
7.6.3.2 Hot-planted stock and open-stored stock  158
7.6.3.3 Stock from refrigerated storage  158

Thawing frozen stock
Outplanting frozen stock

7.6.4 Preplanting Preparations  162
7.6.4.1 Check soil moisture and temperature  162
7.6.4.2 Monitor air humidity, temperature, and

wind speed  162
7.6.4.3 Site aspect and planting sequence  162
7.6.4.4 Watering plants and root dips  162
7.6.4.5 Site preparation  163

Scalping
Mounding
Inverting
Site preparation and frost heaving

7.6.4.6 Application of herbicides
(“chemical scalping”)  167

7.6.4.7 Site preparation for restoration plantings  167

7.6.5 Selecting Plant Spacing and Pattern  169
7.6.5.1 Selecting planting spots  169

Microsites

7.6.6 Crew Training and Supervision  171
7.6.6.1 Plant handling  171
7.6.6.2 Proper planting technique  171

7.6.7 Hand-Planting Equipment  173
7.6.7.1 Dibbles  173
7.6.7.2 Bars  174
7.6.7.3 Hoedads  175
7.6.7.4 Shovels  176
7.6.7.5 Tubes  176
7.6.7.6 Motorized augers  176

7.6.8 Machine-Planting  179
7.6.8.1 Machines towed behind tractors  179
7.6.8.2 Self-propelled planting machines  181

Bräcke planting machine
M-Planter
Ecoplanter

7.6.9 Planting Equipment for Large Stock  184
7.6.9.1 Expandable stinger  184
7.6.9.2 Pot planter  185

7.6.10 Treatments at Time of Planting  186
7.6.10.1 Protection from animal damage  186
7.6.10.2 Fertilization  187
7.6.10.3 Mulches  188
7.6.10.4 Shelters  188
7.6.10.5 Shading  189
7.6.10.6 Irrigation  189

7.6.11 Monitoring Outplanting Performance  190
Check the number and spatial distribution

of plants
Aboveground inspection
Belowground inspection

7.6.11.1 What type of survey is best?  190
Circular plots
Stake rows

7.6.11.2 What sampling design is best?  192
7.6.11.3 How many plots are necessary?  192

7.6.12 Conclusions and Recommendations  193

7.6.13 Literature Cited  194

Contents



153



154

Outplanting is the final stage of the nursery process, but
before we get to specific techniques, we should review
some important concepts. Outplanting performance (sur-
vival and growth) depends on three factors, which are the
final elements of the Target Plant Concept (fig. 7.6.1).

Limiting factors on the outplanting site. Each site is dif-
ferent, so it is critical to identify the environmental factors
that can limit plant survival and growth. Temperature and
moisture are usually the most limiting and are discussed
in Section 7.6.4. Other site factors, such as aspect and
soil type, must also be considered. Sites with south or
southwest aspects will dry out more quickly and should
therefore be planted first. In some cases, shade materials
may be required. Some planting tools should not be used
on fine-textured soils, such as silts and clays; this will be
discussed in Section 7.6.7. 

Outplanting sites must be evaluated well in advance of
the actual outplanting. Although the site evaluation
process will not be covered in detail here, two good
resources exist. First, the Forest Service requires a
detailed Reforestation Plan for each planting project
(USDA Forest Service 2002). Second, a very compre-
hensive example of how to conduct a site evaluation on
a restoration site can be found in Steinfeld and others
(2007). Because of the highly disturbed nature of
restoration sites, site evaluation is even more critical
before planting can begin (Munshower 1994).

Timing of the outplanting window. For each site, there is
an ideal time to plant, and the process for determining
this “window” is discussed in Section 7.6.2.

Outplanting tools and techniques. The processes for
selecting the best way to plant nursery stock are discussed
in Sections 7.6.3 to 7.6.9, and Section 7.6.10 describes
how to evaluate the quality of the outplanting project. 

7.6.1 Introduction

Figure 7.6.1—The final three steps of the Target Plant
Concept are critical to outplanting success and should be
considered when planning and initiating outplanting 
projects.

2. Type of plant material

5. Timing of outplanting window

6. Outplanting tool and technique

3. Genetic considerations 

4. Limiting factors on 
    outplanting site

1. Objectives of outplanting project
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7.6.2 Outplanting Windows

Years of experience have proved that the best time to out-
plant seedlings is when they are dormant and least sus-
ceptible to the stresses of harvest, storage, shipping, and
planting. The outplanting window concept was intro-
duced as a critical part of the Target Plant Concept (see
Section 7.1.1.5) and is defined as the period of time dur-
ing which environmental conditions on the site most favor
survival and growth of nursery stock. Traditionally, out-
planting windows were established by harvesting nursery
stock and observing outplanting performance. Plant quali-
ty tests, such as cold hardiness, are also good ways to
determine when nursery stock is most hardy and best able
to survive the stresses of outplanting. For example, cold
hardiness testing of ponderosa pine (Pinus ponderosa)
and Douglas-fir (Pseudotsuga menziesii) over a 4-year
period shows how the duration of outplanting windows
varies from year to year (fig. 7.6.2A). 

The start and end dates of an outplanting window are
constrained by limiting factors on the planting site. Soil
moisture and temperature are the usual constraints on
most sites, but other environmental or biological factors
can also limit plant survival and growth (see Section
7.1.1.4). For high-value plantings where irrigation can be
supplied, container stock can be outplanted throughout
the year in appropriate weather conditions and with proper
handling (White 1990). Changing weather patterns have
caused changes in the outplanting window. In eastern
Texas, an extended drought has caused foresters to change
from traditional spring outplanting with bareroot stock to
fall outplanting with container stock. Tests show fall-planted
container seedlings had a 93 percent survival rate compared
with 67 percent for bareroot stock (Taylor 2005). 

In most of the continental United States, nursery stock is
outplanted during late winter or early spring, when soil
moisture is high and evapotranspirational losses are low.
In most of Canada and the United States, this typically
occurs from January to April for lower elevations (fig.
7.6.2B). These outplantings have used dormant stock that
was harvested during early winter and stored for 2 to 8
months under refrigeration or in outdoor compounds (see
Chapter 4 in this volume for more information).

At high elevations and latitudes, however, it is impossi-
ble to plant during late winter or early spring, because
persistent snow cover keeps soil temperatures low and

limits access. This means that all nursery stock must be
outplanted during a relatively short window when long
days and high solar angles cause high evapotranspiration
rates (fig. 7.6.2C). Therefore, some foresters in northern
Canada, Scandinavia, and the northern mountains of the
Western United States have outplanted container stock
during early summer or even later in the fall (Luoranen and
others 2004; Page-Dumroese and others 2008; Tan and
others 2008). Container plants have a wider outplanting
window because they suffer less transplant shock; their
roots are protected in the plug and not damaged during
harvesting. In addition, with modern container nursery
techniques, it is possible to culture plants to better toler-
ate outplanting stresses. Because nursery stock outplanted
during summer or fall is not dormant, this is known as
“hot-planting.” Hot-planted stock needs some hardening
to withstand the stresses of harvesting, shipping, and
outplanting; moisture stress or short-day (“blackout”)
treatments are most commonly used (Landis and Jacobs
2008). Finnish researchers have been conducting out-
planting research on hot-planted Norway spruce (Picea
abies) and silver birch (Betula pendula) for several years
(Louranen and others 2005). For example, to investigate
the effect of drought on outplanting performance, hot-lifted
Norway spruce seedlings were subjected to up to 6 weeks
of water stress in a research plot (Helenius and others
2002). They found that hot-lifted stock with wet plugs
that were outplanted in July had better root egress than
those planted later that year, or even those that were
stored and outplanted the following spring (fig. 7.6.2D).

Therefore, many biological and operational factors must be
considered when determining the best outplanting window,
but nothing substitutes for actual experience, and survival
and growth are always the best guides. (For more informa-
tion on hot-planting see Sections 7.4.2 and 7.6.3.2.)
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Figure 7.6.2—Outplanting windows are established from
observations of lifting and planting successes or with
plant-quality testing (A). In most of the United States and
Canada, the outplanting window occurs during late winter
or early spring (B). At higher elevations and latitudes,
however, the outplanting window is later spring or early
summer due to persistent snow and cold soil tempera-
tures (C). Hot-lifted Norway spruce outplanted in early
summer had more root egress than those planted later
that year, or even overwintered stock planted during the
traditional spring outplanting window (D) (A, modified
from Tinus 1996; B&C, courtesy of Steinfeld and others
2007; D, modified from Louranen and others 2006).
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7.6.3 Onsite Handling and Storage

Nursery stock should be outplanted as soon as it arrives
on the project site, but that is often operationally impossible.
Weather delays, worker scheduling, and poor commu-
nication are just a few of the reasons why onsite storage
may be necessary. The duration of onsite storage should
last for only a few days, although, under unanticipated
weather, such as heavy snow, it can reach a week or
more. Therefore, it is always wise to plan ahead. Ideally,
project managers should bring only as much stock as can
be planted on a given day to avoid the need for onsite
storage. Distance and other logistical factors, however,
may make this difficult. 

Overheating and desiccation are the major stresses that
can occur during onsite storage. Because of significant
differences in dormancy stage and hardiness, however,
nursery stock for hot-planting must be treated differently
from stock that comes from refrigerated storage. 

7.6.3.1 Inspecting nursery stock

As discussed in Chapter 7.5, many things can happen
between the harvest and outplanting of nursery stock.
Therefore, it is a good idea to conduct a thorough inspec-
tion of nursery stock when it arrives at the outplanting
site. All boxes should be opened and checked for the fol-
lowing (Mitchell and others 1990):

• In-box temperatures of refrigerated stock should be
checked upon delivery (fig. 7.6.3A) and should be
cool, no warmer than 2 to 4 °C (36 to 39 °F). Stock
delivered in containers or hot-plant stock should be
kept as cool as possible and out of direct sunlight.

• If possible, use a pressure chamber to check plant
moisture stress of a sample of plants (fig. 7.6.3B).
(Target PMS values can be found in Chapter 7.2.)

• Nursery stock should not smell sour or sweet, which is
evidence that the stock has been too warm or exces-
sively wet. 

• Root plugs should be moist. If the plants have foliage,
most often it should be a healthy green. For species
with terminal buds, those buds should still be firm.

• Check the firmness of the bark around the root collar.
The bark should not easily slough off and the tissue
underneath should be creamy, not brown or black,
which indicates frost injury.

Figure 7.6.3—
Nursery stock
should be inspected
upon delivery to the
outplanting site.
Check in-box tem-
peratures of boxed
plants (A) and, if
possible, measure
the plant moisture
stress with a pres-
sure chamber (B).
Storage molds can
become a serious
problem in onsite
storage, so check for
gray or colored
mycelia within the
foliage (C).

A

C

B
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• Spread the foliage to check for white or gray mycelia
(fig. 7.6.3C), which is evidence of storage molds, such
as Botrytis cinerea. In particular, check foliage at the
base of the crown. If mold is present, check the firm-
ness of the tissue underneath. Soggy or water-soaked
tissue indicates serious decay and those plants should
be culled. Plants with superficial mycelia without
corresponding decay should be planted immediately.
Fungal molds will not survive after exposure to ambient
conditions on the site.

7.6.3.2 Hot-planted stock and open-stored stock

Hot-planted stock, because it is not fully dormant or
hardy, should be outplanted immediately or stored on the
project site for only a day or two. The key to a successful
hot-planting operation is careful planning and coordina-
tion between the nursery and planting project managers.
Ideally, hot-plant stock should be packed upright in card-
board boxes without plastic bag liners that can reduce air
exchange and increase respirational heat buildup. If stock
is pulled and wrapped, using white packing boxes will
help to reflect sunlight and keep in-box temperatures
lower (Kiiskila 1999). 

At the outplanting site, tops of cardboard boxes contain-
ing open-stored or hot-planting stock should be opened
to dissipate heat and promote good air exchange. If not
already so, the plants should be set upright and placed in
a shady area as soon as they arrive on site. Unfortunately,
trees and other natural shade are absent on many refor-
estation and restoration sites, but even when natural
shade is available, it can be difficult to keep plants in the
shade all day (fig. 7.6.4A). Therefore, plan on erecting
some type of artificial shade. Tarps or shadecloth sus-
pended between poles is effective (fig. 7.6.4B). As shown
in figure 7.5.12D in the previous chapter, dark-colored
tarps absorb and reradiate solar heat (Emmingham and
others 2002); therefore, canvas tarps should be suspended
above the nursery stock to allow for good air circulation.
Wetting the tarps regularly will keep the air cooler
through evaporative cooling (Mitchell and others 1990). 

Moisture stress is another concern with open-stored or
hot-planted stock because plants are transpiring during
delivery and onsite storage. As with respiration, the tran-
spiration rate is a function of temperature, but sunlight

intensity is equally important. Therefore, it makes sense to
check that root plugs are fully charged and plants are not
under any moisture stress immediately before outplanting.
Irrigating container plants on the project site is not
commonly done but recent research with hot-planted
birch (Betula spp.) and spruce (Picea spp.) seedlings
showed that water before outplanting significantly
increased survival (fig. 7.6.4C). So, the best onsite stor-
age for open-stored or hot-planted nursery stock has
access to a reliable water source (fig. 7.6.4D) because
frequent watering requires large volumes of water
(Mitchell and others 1990).

7.6.3.3 Stock from refrigerated storage

Nursery plants delivered from cooler or freezer storage
must be treated differently than open-stored or hot-planted
stock because they are still fully dormant and hardy and,
ideally, should be kept that way until outplanting. So,
whenever possible, refrigerated trucks (“reefers”) should
be used for transportation to the site as well as for onsite
storage (fig. 7.6.5A). Each truck should receive a mechan-
ical check before use, and the storage van should be pre-
cooled by operating the compressor for at least 4 to 6
hours (Paterson and others 2001). Anticipate mechanical
failure by having a backup plan.

Snow caches, culvert or pole structures covered with
snow and an insulating material such as sawdust or straw
(fig. 7.6.5B), have been successfully used for onsite stor-
age where conditions permit (Paterson and others 2001).
In a Canadian trial, a custom-made, insulated storage
building was effective in protecting container stock from
both frost damage and overheating (Zalasky 1983). 

Boxes or bags of stock, stored either under refrigeration or
in insulated buildings, should be patched if torn during
shipping and handling and kept closed. The temperature
inside the boxes or bags can be much warmer than the
outside temperature because plants produce heat during
respiration. As the temperature increases, so does the rate
of respiration, which further increases the temperature.
Therefore, the temperature in boxes or bags should be
monitored on delivery and daily thereafter (fig. 7.6.3A).
Make sure that the in-box temperature remains above
freezing but below 10 °C (50°F) (Rose and Haase 2006).
If nursery stock is exposed to warm temperatures for an
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extended period, standard seedling quality tests (root
growth potential, chlorophyll fluorescence, and cold har-
diness) and in-container concentration of ethanol were
shown to accurately predict seedling performance (Maki
and Colombo 2001). (See Chapter 7.2 for more informa-
tion on plant quality tests.)

It is also prudent to check inside a few boxes for signs of
storage molds such as Botrytis cinerea (fig. 7.6.3C). This
common nursery pest can increase rapidly after refrigerat-
ed storage, perhaps because of increased carbon dioxide
levels inside boxes and bags (see Volume Five for more
information).

Thawing frozen stock. Plants with root plugs frozen
together must be thawed before outplanting. Some cus-
tomers want their stock thawed before shipping by either
“rapid” or “slow” thawing (fig. 7.6.6A). However, the
definitions of “slow” and “rapid” vary considerably
(table 7.6.1). Originally, slow thawing was considered
best (for example, Mitchell and others 1990) and was
typically done at the nursery. Recent research compar-
ing the two thawing techniques found no differences
after two growing seasons (Rose and Haase 1997). In
the most comprehensive physiological research on
thawing frozen stock (Camm and others 1995), cold
hardiness tests showed that rapidly thawed stock was
more hardy and also resumed shoot growth earlier than
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Figure 7.6.5—Nursery stock from refrigerated storage
should be kept in reefer trucks (A), insulated structures, or
snow caches (B) until outplanting.

Slow-thaw
range

Rapid-thaw
range

+15˚ C

+10˚ C

+5˚ C

0˚ C

-5˚ C

59˚ F

50˚ F

41˚ F

32˚ F

23˚ F

Figure 7.6.6—Frozen
nursery stock must be
carefully thawed at warm
temperatures for 24 to 48
hours (A). Never expose
frozen plants to direct sun-
light (B), but open boxes
or bags (C) in a shady
location (D) (A, modified
from Paterson and others
2001.)
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B

B
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C
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Speed of thawing   Reference Temperatures Duration

Slow thaw Camm and others (1995) 5 °C (41 °F) 7 days
followed by

15 °C (59 °F) 2 days

Rose and Haase (1997) 0 to 3 °C * 42 days
(32 to 37 °F)

Kooistra and Bakker (2002) 0 to 3 °C * 21 to 35 days
(32 to 37 °F)

Rapid thaw Camm and others (1995) 22 °C (72 °F) 2 to 5 hours

Rose and Haase (1997) 7 °C (45 °F) 5 days

Kooistra and Bakker (2002) 5 to 10 °C 5 to 10 days
(41 to 50 °F)

* Operational cooler storage conditions

slowly thawed seedlings. Moreover, shoot and root
growth measurements after 3 months were similar. These
results suggest that a good operational procedure might
be to remove bundles of frozen stock from shipping con-
tainers and lay them on the ground or to open shipping
boxes or bags (fig. 7.6.6C) in a well-ventilated shady
location. Never attempt to thaw frozen nursery plants by
placing them in direct sunlight (fig. 7.6.6B), as this can
cause serious moisture and temperature stress. Do not
physically pry frozen root plugs apart because this can
cause serious damage (Mitchell and others 1990). Defrost
only enough stock that can be planted in a couple of
days. The ideal situation is to setup a thawing operation in
which frozen stock is removed from refrigerated storage
and then thawed in an adjacent shade structure (fig.
7.6.6D).

Outplanting frozen stock. Outplanting nursery stock with
frozen root plugs would save the time and effort needed
to thaw plants. A few years ago this was not possible
because root plugs were frozen together; now technology
for packing singulated plants is available. Results of field
trials, however, are mixed. In British Columbia, the per-

formance of western larch (Larix occidentalis), lodgepole
pine (Pinus contorta), and interior spruce planted frozen
was not significantly different from thawed plants 2 years
after outplanting (Kooistra and Bakker 2005). Other
studies indicate that site conditions have an overriding
effect. In an outplanting study of Norway spruce
seedlings in Finland, thawed seedlings outperformed
frozen stock in survival and shoot and root growth in
warm and cold soils (Helenius 2005). In a more recent
trial, the physiological processes of thawed and frozen
Douglas-fir container seedlings that were exposed to
either “cool and moist” or “warm and dry” conditions
were monitored. Thawed plants had higher photosyn-
thesis rates and more active buds and roots than plants
that were planted frozen, which could affect subsequent
outplanting performance (Islam and others 2008).
Obviously, more research trials under a wide variety of
outplanting site conditions are needed before outplanting
frozen stock can be recommended. 

Table 7.6.1—Common thawing regimes for frozen container nursery stock
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7.6.4 Preplanting Preparations

Before the outplanting actually begins, several prepara-
tions should be made to ensure the project runs smoothly
and successfully.

7.6.4.1 Check soil moisture and temperature

Soil moisture plays a vital role in the uptake and translo-
cation of nutrients and can have a significant influence on
plant survival and growth (Helenius and others 2002).
Following outplanting, a root system must be able to take
up sufficient water from the surrounding soil to meet the
transpirational demands of the shoot. If soil moisture is
inadequate, the newly planted seedling can become
stressed, resulting in reduced growth and increased mor-
tality. Lower photosynthetic rates can occur in newly
planted seedlings under water stress, which results in
lower root regenerating ability (Grossnickle 1993). Ideally,
soil water potential in the top 25 cm (10 in) should be
greater than –0.1 MPa at the time of outplanting (Cleary
and others 1978; Krumlik 1984). 

Soil temperature has a profound effect on root develop-
ment (Balisky and Burton 1997; Domisch and others
2001; Landhäusser and others 2001). The ideal soil tem-
perature range for root growth is 5 to 20 °C (41 to 68 °F)
(fig. 7.1.5B), so planting may have to be delayed until
soil temperatures increase. When transpirational
demands are high but cold soils limit water uptake,
plants may experience a “physiological drought” that
can limit survival and growth (Mitchell and others
1990).  In Ontario, planting projects are not started
until soil temperatures exceed 5 °C (41 °F).

7.6.4.2 Monitor air humidity, air temperature, 
and wind speed

Weather conditions at the time of outplanting have a direct
effect on plant moisture stress. Although an increase in both
air temperature and wind speed affect transpiration, wind
effects are more difficult to quantify. Conditions become crit-
ical when air temperatures exceed 25 °C (78 °F) and relative
humidity is lower than 30 percent (Paterson and others
2001). Relative humidity does not influence evapotranspira-
tion rates as much as vapor pressure deficit, which is the dif-
ference between the amount of water the air can hold at a
given temperature and the amount of water at saturation.
Sample calculations can be found in Cleary and others (1978). 

Therefore, planting is best done during the early morning
hours when air temperatures are cool and wind speeds
are low. When weather is sunny, windy, or dry it is neces-
sary to take extra protective precautions to minimize plant
stresses. In extreme cases, the planting operation may
have to be suspended. 

7.6.4.3 Site aspect and planting sequence

Conditions will vary at different locations in the planting
area, especially in mountainous terrain. Aspect, or direction
of solar exposure of mountain slopes, is one of the most
important factors affecting outplanting success. South-
and west-facing aspects have a hotter, drier environment
than north and east aspects and should be planted first.
Shading of outplanted stock is often required on these
aspects (see following section). Deer and elk often use
southern and western exposures for winter range so
this impact must also be considered (USDA Forest
Service 2002).

Be sure to consider access and transportation distance
from the on-site storage. It is generally a good idea to
start at the furthest location and plant back towards
access roads. 

7.6.4.4 Watering plants and root dips

The practice of dipping plant roots to protect them from
stress during outplanting has been around for many years
because it is intuitively attractive, especially for bareroot
stock. Roots of nursery plants dry as they are exposed to
the atmosphere during harvesting and handling, so it
makes sense to rehydrate them or apply a coating to pro-
tect them (Chavasse 1981). Many different commercial
root dips have become available and most are super-
absorbent hydrogels. These crosslinked polymers can
absorb and retain many times their own weight in water
and are routinely applied to bareroot stock as root dips.
Little research on the benefits of hydrogels to container
stock has been published. However, one recent trial with
Eucalyptus seedlings with root plugs dipped in a hydrogel
slurry had significantly lower mortality at 5 months after
outplanting compared with the controls. The author attrib-
uted this to increased soil moisture or contact between
the root plug and the field soil (Thomas 2008). It would
be interesting to see more research on this subject.
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The plug should already be moist when it is unpacked. If
not, then a quick water dip should be adequate to protect
the roots from desiccation, because, as demonstrated in
figure 7.6.4C, irrigating root plugs before outplanting has
proved beneficial.

7.6.4.5 Site preparation

Trees and other native plants vary in their requirements
for sunlight and other site resources to successfully regen-
erate. Site preparation (referred to as “site prep”) to
remove competing vegetation and site debris has several
benefits (USDA Forest Service 2002). Biologically, it
improves nursery stock survival and growth by reducing
the competition from existing plants for nutrients, water,
and sunlight. Roots from existing plants may have already
occupied the soil profile and can easily reduce survival of
outplanted nursery stock (fig. 7.6.7A). Operationally, site
prep makes the physical process of planting easier by
reducing surface debris on the site and removing the duff
or sod layer. Removal of woody and herbaceous plants
around Douglas-fir (Pseudotsuga menziesii) seedlings
resulted in up to three times the stem volume after 8 years
as compared with seedlings without vegetation control
(Rose and Rosner 2005).

Site prep done at the time of outplanting can be
accomplished by mechanical (scalping or mounding)
or chemical (see Section 7.6.4.6) means.

Scalping. Scalping is the physical removal of grasses,
forbs, small shrubs, and organic debris around planting
holes (fig. 7.6.7B)—it is ineffective against larger woody
plants that are too difficult to remove. Removing organic
debris around the planting hole ensures that roots are in
contact with mineral soil. Nursery stock planted in organ-
ic matter or duff dry out rapidly and often die
(Grossnickle 2000). Scalping can also reduce the frequen-
cy of drought damage because of the reduction in compe-
tition (Barnard and others 1995; Nilsson and Orlander
1995). When light is the limiting factor, however, scalping
can reduce growth because of reduced moisture and
available nutrients (Miller and Brewer 1984). 

Scalping can be accomplished with some planting tools
such as the side of a hoedad blade (fig. 7.6.7C). With
other planting implements such as augers, scalping is

done beforehand by another worker. Planting contracts
often contain specifications for the size and depth of
scalping. For example, the Forest Service requires that all
vegetation be removed from an area 30 to 60 cm (12 to 24
in) around the planting hole and 2 to 5 cm (1 to 2 in) in
depth. On dry exposed sites, duff, litter, and rotten wood
should be placed back on the cleared surface to serve as
mulch (USDA Forest Service 2002). Scalping can definitely
slow down planting productivity, but operational experience
in Oregon found that a good hoedad planter can still scalp
and plant 850 trees/day in Oregon (Henneman 2007).

Continuous scalping (“discing” or “scarifying”) is done with
tractor-drawn or self-powered equipment. The Bräcke
Scarifier is mounted on the front of a prime mover on a
three-point hitch allowing the operator to select individual
spots. Two side-by-side scalps are about 2.5 m (8 ft) apart
with about 2 m (6.5 ft) spacing between rows. Depending on
terrain and desired density of the scalps, production varies
from 0.5 to 2.0 ha (1.2 to 4.8 acres) per hour (Converse
1999). Discing, which produces a shallow furrow about 0.6
to 0.9 m (2 to 3 ft) and 5 to 10 cm (2 to 4 in) deep, has
proved essential for establishment of longleaf pine (Pinus
palustris) on abandoned farmland in the Southeastern United
States (Shoulders 1958). Barnard and others (1995) found
continuous scalping to be beneficial for these reasons:

• Reduced weed competition.
• Improved soil moisture availability.
• Less damage by root pathogens and insects.
• Increased planting efficiency.

The beneficial effects of scalping will vary on a site-by-
site basis, and whether or not to scalp should be deter-
mined during the planning phase of any outplanting pro-
ject. On grass-dominated sites in interior British
Columbia, scalping was found to reduce evapotranspira-
tion and increase soil moisture, which yielded better sur-
vival and growth of conifer seedlings (fig. 7.6.7D). In
Oregon, increasing scalp size resulted in significant
improvement in stem volume after 4 years (Rose and
Rosner 2005). On the other hand, on boreal reforestation
sites in northern British Columbia where plant competi-
tion is not severe, the additional time and expense of
scalping failed to improve outplanting performance
(Campbell and others 2006). 



164

Figure 7.6.7—Existing plants compete with outplanted nursery stock for moisture (A); scalping is the physical removal of
plants and organic debris from around the planting hole (B). Spot scalping can be done with a planting tool, such as this
hoedad (C). On a grass-dominated reforestation site, scalping improved conifer seedling survival compared with ripping,
herbicide, or the no-treatment control (D) (D, modified from Fleming and others 1998).
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Mounding. On boreal and other cool-temperate planting
sites, slow organic matter decomposition creates a heavy
surface layer of duff that can be an impediment to plant-
ing nursery stock. “Mounding” is a general term for a type
of site preparation that can treat several potentially limit-
ing factors: plant competition, cold soil temperatures,
poor aeration on wet sites, and nutrient deficiencies. The
term mounding has been, however, applied to a variety of
mechanical site treatments that can have widely different
biological consequences. Sutton (1993) provides a thor-
ough discussion of mounding and how it has been used
worldwide. 

For our purposes, we define mounding as the mechanical
excavating and inverting of soil and sod to create separate
piles that are higher than the existing terrain. With thick

duff layers, the resulting mounds consists of a mineral soil
cap over a double layer of humus (fig. 7.6.8A). While
mounding was originally done by hand; a number of
mechanical implements have been developed to speed up
the process. For example, the Bräcke Mounder is a scarifier
featuring a hydraulically operated entrenching spade
followed by a mounding tool that uses soil from the
scalped area. Widely used in Canada and Scandinavia,
this machine produces mounds 16 to 26 cm (6 to 10 in)
high with 3 to 19 cm (1 to 7 in) caps of mineral soil.
Other studies have used modified mouldboard plows to
generate a continuous mounded ridge (Sutton 1993). 

The results of mounding have been generally favorable,
at least in the short term. For example, compared with
scarification and herbicide treatments, mounding produced
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strong, consistent, positive results for jack pine (Pinus
banksiana) on grass-dominated sites (Sutton and Weldon
1993). Most research involved conifers, but a recent study
found that mounding was an effective alternative to herbi-
cides for establishing pedunculate oaks (Quercus robur) on
waterlogged sites (Lof and others 2006). Conversely,
Sutherland and Foreman (2000) found that mound planting
resulted in less growth of black spruce (Picea mariana)
compared with repeated herbicide treatments. Mounding
has also been shown to help reduce injury by the European
pine weevil (Hylobius abietis), which is the major regenera-
tion pest in northern European forests. Because it reduces
feeding damage by the weevil, mounding is common on

20 percent of Norway spruce plantations in Finland
(Heiskanen and Viiri 2005). 

Mounding has been criticized from an aesthetic and
ecological standpoint and can have a negative effect on
other forest values, such as recreation (Lof and others
2006). So, as with all site preparation treatments, mound-
ing needs to be carefully evaluated on a site-by-site basis
and compared with other site preparation options. 

Inverting. This relatively new mechanical site preparation
method uses an excavator to create planting spots con-
taining inverted humus covered by loose mineral soil

Figure 7.6.8—On boreal sites with heavy duff layers or
in waterlogged soils, mounding has proven to benefit
plant survival and growth (A). Plants that can rapidly
grow new roots (B) will be less susceptible to frost
heaving (C). Mounding has also proven effective when
the plants are positioned on top of the mound and not
in the hole (D).  Inverting achieves some of the same
benefits as mounding but has a much more acceptable
appearance (E) (B, courtesy of Cheryl Talbert; D, modified
from Sahlen and Goulet 2002).
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without making large mounds or ridges (fig. 7.6.8E).
Research in Sweden with Norway spruce and lodgepole
pine found that inverting produced significantly greater sur-
vival and stem volume growth after 10 years compared with
plowing, mounding, disc trenching, or no scarification
(Orlander and others 1998). A subsequent research trial
with Norway spruce confirmed that inverting produced
increased seedling survival compared with mounding or
unscarified controls. Appearance and environmental effects
were also measured and, compared with mounding, invert-
ing reduced the alteration of the ground contour from 40 to
15 percent (Hallsby and Orlander 2004). 

Site preparation and frost heaving. Frost heaving of recently
outplanted nursery stock is a major problem on sites sub-
ject to repeated cycles of freezing and thawing. Heaving
is a purely mechanical process whereby plants or other
objects are slowly racheted out of the soil by repeated
freezing and thawing (Goulet 1995). All nursery plants
can be frost heaved, but, because of their smooth-walled
root plugs, container plants are particularly susceptible.

Sites prone to frost heaving have high soil moisture and
soil textures with good hydraulic conductivity (Bergsten
and others 2001). The tendency to frost heave increases as
pore size decreases, so silt and clay soils are most prob-
lematic. Southerly or southwesterly sites have more of a
problem with frost heaving because the high solar expo-
sure intensifies the freeze-thaw cycle. 

The physiological condition of stock at outplanting can
have a significant effect on frost heaving. Plants that have
rapid root egress (fig. 7.6.8B) will become physically
anchored into the soil and therefore less susceptible. Fear
of frost heaving is a major reason why late fall outplanting
is discouraged. Nursery stock that is outplanted so late
that new roots cannot anchor the plant will be vulnerable
to frost heaving (fig. 7.6.8C). In one study, however, stock
outplanted later did not suffer more damage than stock
outplanted earlier (Sahlen and Goulet 2002).  

Site preparation treatments have a significant effect on frost
heaving. Scarifying the planting spot increases potential

Figure 7.6.9—When competing vegetation is killed with herbicides prior to planting (A), the soil moisture that would have
been lost to transpiration is conserved on the site (B).

A B
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for heaving, because the insulating humus layer and sur-
rounding vegetation are removed, allowing diurnal tem-
peratures to fluctuate more widely. On the other hand,
mounding should reduce frost heaving because it pro-
vides better drainage and reduces capillary water rise
(Bergsten and others 2001). Research on the effect of
planting position on frost heaving showed that heaving
was considerably higher in the hole where water migrated
to the surface and froze into layers that attached to the
plant. On top of mounds, frost heaving was as low as in
the nontreated humus layer (fig. 7.6.8D). Although deep
planting has been suggested as a way to provide better
anchorage, it was ineffective in this study (Sahlen and
Goulet 2002).

7.6.4.6 Application of herbicides (“chemical scalping”)

Mechanical scalping is a time-consuming and therefore
expensive site-preparation treatment. Another option is to
kill competing vegetation around planting spots with
herbicides in advance of the actual outplanting. A
general-purpose herbicide like glyphosate (Roundup®)
kills all types of plants in the treated area but has very
low environmental effects and no residual activity. By
killing competing plants before the planting project
begins, soil moisture that would otherwise be lost by
their transpiration (fig. 7.6.9A) is conserved onsite and
will be readily available to the outplanted nursery stock
(fig. 7.6.9B). On reforestation sites in Northern California
mountains, hexazinone (Velpar®) herbicide is applied 1
to 2 years before the planting project to kill brush and
other competing vegetation (Fredrickson 2003). Two
years of intensive vegetative control was essential to
successful reforestation on Weyerhaeuser lands in
Washington State (Talbert 2008). 

Concerns about phytotoxicity of sulfometuron methyl (Oust
XP®) were addressed for Douglas-fir, western hemlock (Tsuga
heterophylla), and western redcedar (Thuja plicata) container
seedlings in coastal Oregon. Although root egress was ini-
tially restricted due to the herbicide, no significant effects
were observed after 9 to 21 months, showing that any
phytotoxicity was short lived (Burney and Jacobs 2009).

Herbicides not only eliminate transpirational water loss, but
create a mulch of dead organic matter that reduces surface

evaporation. Vegetation control with herbicides has been
shown to increase subsequent survival and growth of out-
planted nursery stock. An experiment evaluating three levels
of vegetation control with chemical scalping significantly
increased stem volume, basal diameter, and height of
seedlings on four of five sites with increasing area of weed
control, and the magnitude of difference between treat-
ments increased with time (Rose and Ketchum 2002).
Herbicide applications can also be effective in reducing fire
hazards and eradicating non-native plants.

The best herbicide application method depends on the
type of project. Aerial application with helicopters is
efficient and cost effective for large reforestation or
restoration projects. For forest plantation projects, herbicides
can be sprayed in rows by all-terrain vehicles (ATVs) or
by sprayers attached to ripping equipment. For smaller
projects, herbicides can be applied with a backpack
sprayer by a person trained in the selection of likely
planting spots. 

7.6.4.7 Site preparation for restoration plantings

On restoration planting sites, severe disturbance may
require unusual site preparation to create suitable planting
spots. After the eruption of Mount St. Helens in Washington
State, the restoration of 60,700 ha (150,000 acres) of
timberland posed some serious challenges (fig.
7.6.10A). Experiments showed that seedlings must be
planted in mineral soil to survive, which required dig-
ging through 30 to 60 cm (1 to 2 ft) of volcanic ash at
each planting spot (fig. 7.6.10B). In many cases, planting
sites must undergo major stabilization before planting can
occur. Because of their steep slopes and the erosive power
of water, stream banks must be stabilized with bioengineer-
ing structures before they can be revegetated (fig. 7.6.10C).
Woody cuttings of willows or other riparian species used in
the structures will sprout (fig. 7.6.10D) and provide rapid
revegetation (Hoag and Landis 2001). 
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Figure 7.6.10—Restoration sites require special and sometimes extreme preparation before they can be planted. The blast
zone of Mount St. Helens in Washington State was covered with volcanic ash (A), which had to be dug away so that
seedlings could be planted in mineral soil (B). Stream banks often require bioengineering structures (C) for stabilization;
when willow cuttings are used, they can sprout quickly (D) (D, courtesty of Steinfeld and others 2008).
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The pattern and spacing of outplanted plants is also a
reflection of project objectives. Industrial forestry projects,
where timber production is the primary objective, dictate
a specific number of seedlings per area in a regularly
spaced pattern (fig. 7.6.11A) based on expected survival
rates and laws governing the number of free-to-grow
plants required after a specified period of time. Most
planting projects will specify a certain desired number of
established plants per area (table 7.6.2). These density tar-
gets should be considered general guidelines and should
never override the selection of planting spots in biologi-
cally desirable areas (Paterson and others 2001). 

Where ecological restoration is the objective, however,
random outplanting of individual plants (fig. 7.6.11B) or
outplanting in random groups (fig. 7.6.11C) is more repre-
sentative of natural vegetation patterns.

The best place to plant nursery stock depends greatly on
site conditions. When reforesting a level farm field with
relatively uniform terrain, proper spacing is of utmost
importance to minimize competition after the seedlings
reach pole size. In this situation, then, the choice of
planting spots is very mechanical; planters work in paral-
lel lines and plant at the prescribed distance between
spots (table 7.6.2). The same goes for using mechanized
planters that plant seedlings at regular intervals. 

7.6.5.1 Selecting planting spots

Microsites. When hand-planting in mountainous sites
with old stumps and other woody debris, choosing the
best planting spots is critical and more important than
exact spacing. Planting in favorable microsites protects
nursery stock and greatly improves the probability of sur-
vival. Examples of unfavorable planting spots include
depressions with standing water, rocky spots, deep duff,
and compacted soils. Seedlings shaded by a stump, log,
or large rock tend to grow well, especially on hot, dry
sites (fig. 7.6.12A&B). High sunlight on plant foliage causes
moisture stress, and direct sunlight can cause lethal tem-
peratures to the seedling stem at the ground line. Planting
around physical obstructions also provides protection
from cattle damage and large-game browsing (USDA
Forest Service 2002). In the southern Rocky Mountains,
planting in microsites shaded by dead woody material
doubled the survival of ponderosa pine seedlings. This

7.6.5 Selecting Plant Spacing and Pattern

C = Clumped

(but groups are random)

B = Random

A = Uniform

Figure 7.6.11—In
addition to target plant
specifications, the
objectives of the out-
planting project affect
planting patterns. If the
objective is rapid
growth or Christmas
trees, then plants can
be regularly spaced
(A). Most restoration
projects do not want
the “cornfield look,”
however, so plants are
spaced in a more ran-
dom pattern to mimic
natural conditions (B).
The most natural out-
planting look uses the
random clumped pat-
tern, where different
species are planted in
groups (C). 

improved performance was attributed to better moisture
and temperature and protection against animal browsing
(Nelson 1984).

Where planting sites have been mechanically prepared with
disc scarifiers, nursery stock should be planted on the side
of the hole in mineral soil (fig. 7.6.12C). On mounds, the
best planting spot is on the top (fig. 7.6.12D). Advance
planning, crew training, and good supervision are essen-
tial to achieving good outplanting success. 
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Table 7.6.2—Plant spacing based on regular grids with resultant stocking densities (modified from Cleary and others 1978)

Spacing (m) Plants per hectare Plants per acre Spacing (ft)

6.4 by 6.4 247 100 20.9 by 20.9
14.8 by 14.8 494 200 4.5 by 4.5
3.7 by 3.7 741 300 12.0 by 12.0
3.2 by 3.2 988 400 10.4 by 10.4
2.8 by 2.8 1,236 500 9.3 by 9.3
2.6 by 2.6 1,483 600 8.5 by 8.5
2.4 by 2.4 1,730 700 7.9 by 7.9
2.2 by 2.2 1,977 800 7.4 by 7.4
2.1 by 2.1 2,224 900 7.0 by 7.0
2.0 by 2.0 2,471 1,000 6.6 by 6.6
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Figure 7.6.12—On sites with uneven terrain or physical obstructions, the best planting spots are in microsites in the shade
of stumps (A) or other debris (B). Specific planting spots are also prescribed where sites have been prepared by discing
(C) or mounding (D) (A&B, from Rose and Haase 2006; C&D, from Heiskanen and Viiri 2005).
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7.6.6.1 Plant handling

During the planting process, plants should always be han-
dled with extreme care. Crews should be instructed never
to toss or drop boxes of plants from the truck. Research
shows that dropping seedlings from various heights can
result in growth reductions after outplanting (fig. 7.5.5)
(McKay and others 1993; Sharpe and others 1990;
Tabbush 1986). Planters should never shake or beat plants
to remove excess media. Deans and others (1990) found
that height growth of Sitka spruce (Picea sitchensis)
seedlings was negatively affected by beating them against
boots at time of outplanting.

Each planter should carry only as many plants as can
be planted in an hour or two. On larger reforestation
and restoration projects, it is most efficient to use run-
ners that carry batches of nursery stock on all-terrain
vehicles (ATVs) from onsite storage to planters (fig.
7.6.13A). Planting bags must not be overfilled to avoid
crushing plants (fig. 7.6.13B); loose plants are easier to
remove without damage. After a planting hole has been
prepared, only one plant should be pulled gently from
the bag to avoid root stripping and stem damage (fig.
7.6.13C&D). One mistake inexperienced planters make
is to take a handful of plants from the bag and then
carry them from one planting hole to the next, increas-
ing the risk of physical damage or desiccation. 

The critical concepts are to handle plants gently and to
minimize root exposure during the entire planting
process. Although it is difficult to actually measure stresses
during the shipping, handling, and outplanting process,
comparison of outplanting performance between opera-
tional projects and research trials proves that the additional
care afforded plants in trials pays off.

7.6.6.2 Proper planting technique

The retention of experienced tree planters from year to
year appears to be declining (Betts 2008). Moreover,
planting crews are often prone to high turnover rates
during planting season, with members of the crew
changing week to week. Nonetheless, it is crucial that
all planters be thoroughly trained in planting proce-
dures. Even a plant with the best quality will die if
improperly outplanted. Good training, close supervision,

7.6.6 Crew Training and Supervision

Figure 7.6.13—All-terrain
vehicles are handy for
ferrying boxes of plants
from onsite storage to
planters (A). Planting
bags should never be
overfilled (B), and plants
should be carefully
removed one at a time
from the container (C)
or planting bag (D) and
only after the planting
hole has been dug (A,
courtesy of Risto Rikala;
B, courtesy of Mark
Hainds; C, courtesy of
J.D. Irving, Ltd).

and regular inspection are important in order to optimize
outplanting quality.

Somewhat surprisingly, very little is published on proper
planting depths for container plants, although the
advantages of “deep planting” bareroot stock are many
(Stroempl 1990):
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Figure 7.6.14—Nursery stock should be planted properly
(A). Common problems include planting too shallow (B),
planting too deep (C), improper vertical placement (D), fill-
ing the hole with debris (E), or poor compaction that leaves
air pockets around the root plug (F) (modified from Rose
and Haase 2006).

1. Improved stem stability against wind and snow pressure.

2. Insurance against root exposure from soil settling or
washing away. 

3. Protection of the “root collar” against heat injury.

4. Roots situated deeper in the soil profile have better
access to soil moisture. 

Therefore, on appropriate sites, the planting hole should
be deep enough to bury the plug 2.5 to 5 cm (1 to 2 in)—
about up to the cotyledon scar (Londo and Dicke 2006;
USDA Forest Service 2002). This can vary with plant
species; for example, in the Southeastern United States,
longleaf pine seedlings that have their apical buds near the
plug surface are planted with 0.6 to 1.3 cm (0.25 to 0.50 in)
of the container plug exposed (Hainds 2003); this probably
holds true for other species that have apical meristems near
the plug surface. Because new photosynthates are required
for new root growth after outplanting (van den Driessche
1987), burying foliage should probably be avoided. 

The most important training concept is that good root-to-
soil contact is necessary before nursery stock can become
established on the site and quickly access water and min-
eral nutrients. The planting hole should be made deep
enough so that, for most species, the root plug can be
completely covered with mineral soil (fig. 7.6.14A) and
“J-rooting” and unnecessary exposure of the root plug are
avoided (fig. 7.6.14B), but the plug is not planted too
deep (fig. 7.6.14C). According to Forest Service specifica-
tions, the minimum-size hole for container stock is 2.5
cm (1 in) deeper than plug length, and at least 7 cm (3 in)
wider than the plug at top of the hole and 2 cm (1 in) at
bottom (USDA Forest Service 2002). The planters should
be instructed to plant at the correct depth and not to pull
up on the plant to adjust depth or straightness. Plants
should not be oriented more than 30 degrees from the
vertical plane (fig. 7.6.14D); this seems obvious on level
ground, but the steeper the slope, the more important this
becomes. Planting holes should be backfilled with miner-
al soil without grass, sticks, rocks, or snow (fig. 7.6.14E).
It is important to firmly tamp the soil around the root plug
to remove air pockets (fig. 7.6.14F), but refrain from
stomping around plants to avoid excessive soil com-
paction or stem injury. 

Crew training is particularly important with volunteers or
other inexperienced planters. Many of these people lack
the skill or strength necessary to properly plant on wildland
sites. One option is to have a professional create the plant-
ing holes with a machine auger and let the volunteers
place and tamp plants into position. This technique has
several benefits: the professional chooses the proper plant-
ing spot, creates the desired pattern, and makes certain that
the planting hole is large and deep enough so that plants
can be situated without “J-roots.” Several studies have
found that mechanical outplanting is more successful when
working with private landowners who may not plant
nursery stock properly (Davis and others 2004).

Although the choice of the proper planting tool is impor-
tant, experienced planters can achieve success with a
variety of implements. Planting failures are often more
attributable to improper technique or handling rather than
choice of planting tool (Adams and Patterson 2004).

Tree planting is strenuous work, and the swinging, bending,
and lifting can quickly lead to worker injuries, especially
early in the season. Back problems and carpal tunnel syn-
drome are common complaints. Crews should have sturdy
boots, safety glasses, and hard hats and do strengthening
and stretching exercises each day before starting to plant.
The time and resources spent on worker protection will be
offset by potential downtime and worker’s compensation
claims (Kloetzel 2004). 
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7.6.7 Hand-Planting Equipment

Figure 7.6.15—Dibbles were among the first hand-planting
tools developed for container nursery stock (A). Because
they displace soil to form the planting hole (B), com-
paction can be severe enough to restrict root egress (C).
Hollow dibbles are an improvement because they remove
a core of soil to create a planting hole (D). 

Root plugs on nursery stock used for reforestation or
restoration are longer and narrower than plant materials
used for landscaping and gardening, so specialty tools
are necessary. Appropriate planting tools and technique
can mean the difference between a live or dead plant,
and between an on-budget or over-budget project
(Kloetzel 2004).

Hand-planting methods provide maximum flexibility in
plant placement and distribution. A well-trained and expe-
rienced hand-planter can surpass the planting quality and
generally match the speed of many automated methods,
especially over rough terrain. Hand-planting is especially
recommended for placing plants into microsites and when
planting a mixture of species or stocktypes. The most com-
mon types of hand-planting equipment are discussed in the
following sections, but new equipment is continually being
developed (Trent 1999). 

7.6.7.1 Dibbles

Dibbles or dibble sticks were among the first tools used to
plant container stock, primarily because they are easy to
use (fig. 7.6.15A). Dibbles are custom-made probes that
create a planting hole specific to one container type and
size. Most designs have one or two metal foot pedals for
forcing the point into the soil (fig. 7.6.15BA). After making
the hole, the planter simply inserts the container plant
and moves to the next hole. One drawback is the lack of
loose soil to cover the top of the plug and prevent possi-
ble desiccation of the medium. Dibbles are most appro-
priate for lighter textured upland soils or alluvial bottom-
land soils in wetland restoration projects. Dibbles should
be avoided on heavier textured clay soils, because they
can compact soil and form a glaze around the planting
hole that can restrict root egress (fig. 7.6.15C). 

Hollow dibbles are a more recent modification that
extract a core of soil and, therefore, do not cause soil
compaction (fig. 7.6.15D). The hollow dibble heads are
interchangeable, allowing use for different container sizes
(Trent 1999). A slide hammer soil extractor can also
remove a core of soil and, although one study found that
it was more effective on rockier and compacted soils, it
was also considered very strenuous to use because of its
weight (Trent 1999). 
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Figure 7.6.16—Bars are easy-to-use planting tools that create a planting hole by later-
al movement (A). The plant is positioned along one side of the planting hole (B), and
soil is backfilled by leverage from the other side (C). Soil should be gently compacted
around the plant with hand or foot (D).

Commercially produced dibbles are available for specific
container types and sizes, including Ray Leach Conetainers™

and several cavity sizes of Styrofoam™ block containers
(Kloetzel 2004). Dibbles have been used on shallow soils
in Ontario but not on sites prone to frost heaving (Paterson
and others 2001).

7.6.7.2 Bars

Planting bars originated with bareroot stock and are still
used for smaller container plants. Bars are typically

fabricated from a cylindrical bar with a wedge-shaped
blade welded on the tip and side pedals to help force
the blade into the soil. Like dibbles, planting bars
require little experience or training. The bar is dropped
and forced into the ground with the side pedals (fig.
7.6.16A), and the planting hole is formed by working the
bar back and forth. The nursery plant is positioned verti-
cally along one cut face (fig. 7.6.16B), and then the hole
is closed by reinserting the bar into the soil on the oppo-
site side of the planting hole and rocking the bar back and
forth (fig. 7.6.16C). The final step is tamping any loose soil
around the plant with the fist or boot to remove any air
pockets (fig. 7.6.16D). In the Pacific Northwest, planting
bars are often preferred for rocky soils but should not be
used in heavier textured clays, where they cause exces-
sive compaction (Cleary and others 1978). They also are
popular on reforestation sites with sandy soils in the
Southeastern United States. Planting bars are durable
and simple to maintain, with only occasional blade
sharpening required (Kloetzel 2004).
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Figure 7.6.17—Hoedads are one of the most popular
planting tools in the mountains of the Western United
States and Western Canada (A). After several swings to
create a deep enough planting hole (B), the plant is
positioned and held (C) while backfilling with soil (D).
The final step is to gently compact the soil around the
plant to remove any air pockets (E). 

7.6.7.3 Hoedads

Hoedads, also known as planting hoes or mattocks, were
developed specifically for planting bareroot conifer
seedlings for reforestation and have since been adapted
for container applications (fig. 7.6.17A). They are proba-
bly the most common handtool used in the United States,
especially in the Pacific Northwest (Lowman 1999).
Hoedads come in a variety of sizes and shapes and are
one of the most versatile tools available. Special “plug
hoes” for various sizes of container stock are available.
Brackets, holding the hickory handle to the desired blade,
are typically brass for extra weight and penetration, or tin
alloy (“Tinselite”) for lighter applications. Brackets can be
found in two blade angle configurations: 100° angle for
applications on gently sloped or flat areas and 90° angle
for steep-ground planting. It is a good idea to purchase
and keep handy spare blades, handles, and nuts and bolts
with matching socket or box wrenches. Blades should be
regularly sharpened with a metal file or electric grinding
wheel (Kloetzel 2004).

Hoedads are particularly useful on steep reforestation
sites, and even on rocky and compacted restoration
projects. They are swung much like a pick, and it may
take several swings to create a proper planting hole. With
each swing, the planter lifts up and back with the butt of
the handle to open the planting hole (fig. 7.6.17B). After a
proper hole is complete, the planter uses the tip of the
hoedad to gently loosen soil on the sides of the planting
hole in order to avoid any compaction effects. Then, the
plant is inserted and positioned to the proper depth (fig.
7.6.17C). While holding the plant, the planter used the
hoedad blade to backfill the soil around the plug (fig.
7.6.17D). Finally, the planter gently tamps the soil around
the plant (fig. 7.6.17E) and moves to the next planting
spot. If plant competition is a problem, or if a planting
basin is required, the back and side of the planting blade
is a useful scalping tool (fig. 7.6.7C). Some compaction in
the planting hole can occur on the backside of the blade
with this tool, but compaction is typically less than with
other methods. 

Planting rates vary with container size, planter’s skill, and
terrain. Kloetzel (2004) reported that beginning planters
can install 20 plants/hr while experienced planters may
reach up to 100 plants/hr; on wetland planting projects
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with small stock and favorable soil conditions, production
reached 240 plants/hr. For small-volume containers (66
cm3 [4 in3]), Meikle (2008) reports planting rates of 600
to 800 trees and shrubs per day on mineland reclamation
sites, but the rate dropped to 400 to 600 plants when
container volume increased to 164 cm3 (10 in3). Adding
Vexar tubes to prevent herbivory dropped the planting
rate by one-half (Meikle 2008). 

7.6.7.4 Shovels

Although standard garden tile spades can be used,
professional planters use customized shovels (fig. 7.6.18A)
with blades long enough to accommodate large con-
tainers (fig. 7.6.18B). Wooden handles are standard,
but fiberglass models are lighter, and reinforced blades
(fig. 7.6.18C) can endure the vigorous prying action
used to open planting holes (fig. 7.6.18D). Although
shovels are not as difficult to learn to use as hoedads,
planters should be trained to use tree-planting shovels
efficiently. After the hole is excavated to the proper size
and depth, the nursery plant is installed and held in a
vertical position (fig. 7.6.18E) while the planter back-
fills around the root plug (fig. 7.6.18F). Tree-planting
shovels are the tools of choice for some tree planters in
the Western United States and are considered the most
versatile planting tool in British Columbia (Mitchell
and others 1990), as well as by reforestation crews in the
Southeastern United States. Soil amendments, fertilizers,
and other such in-soil treatments are easily installed with
planting shovels. Sites requiring scalping require a two-
person team with the scalper preparing the site before-
hand. When using planting shovels, keep some spare
handles and footpads on hand, along with tools for
installing parts and sharpening blades (Kloetzel 2004).

In Ontario, experienced planters started the season by
planting approximately 1,800 seedlings (100 cm3 [6 in3])
per day with shovels, while rookie planters managed only
about 900. After about 6 weeks of planting, however,
both groups were able to plant substantially more plants:
2,500 per day for experienced planters and 1,800 for
rookies (Colombo 2008). In Washington State, larger
stocktypes (250 cm3 [15 in3]) are planted west of the
Cascade Mountains, and this is reflected in the planting
rate. Only 900 larger seedlings can be planted per day
compared to 1,000 of the smaller stocktype (Khadduri 2008). 

7.6.7.5 Tubes

Planting tubes are mechanized dibbles that create a plant-
ing hole by compressing soil to the sides and bottom with
a pointed pair of hinged jaws (fig. 7.6.19A). The jaws are
switched open with a foot lever, and a container plant is
dropped though the hollow stem tube into the hole (fig.
7.6.19B). The Pottiputki planting tube is the most popular
brand and is available in several models with different
tube diameters. In some models, the planting depth is
adjustable, which would be necessary for stocktypes with
longer plugs. One attractive benefit of planting tubes is
less worker fatigue because the operator does not have to
bend over. Planting tubes are popular in the Northeastern
United States and Eastern Canada. Although popular in
Ontario, they are considered expensive to purchase and
maintain (Paterson and others 2001). In one comparison,
planting tubes were just as effective as dibbles or planting
bars (Jones and Alm 1989).

7.6.7.6 Motorized Augers

Power augers have been used in reforestation for decades
and are becoming popular for restoration projects (fig.
7.6.20A). Augers work best in deep soils without too many
large rocks or roots and are the best planting tool to use for
larger, taller stocktypes. One concern has been compaction
or glazing on the sides of the auger holes under some soil
conditions (Lowman 1999), but this can be minimized by
rocking the bit slightly. In Quebec and Nova Scotia, large-
container seedlings are preferred because of heavy brush
competition and a gasoline-powered auger was considered
a better planting tool than spades or soil extractors in all soil
types (St-Amour 1998). A gasoline-powered hand drill can
be used with auger bits from 2.5 to 10 cm (1 to 4 in) in
diameter, and the reversible transmission helps if the bit
becomes stuck (Trent 1999). 

One benefit of auger-planting projects is that the operator
selects the location of planting spots and also controls the
quality of the planting holes (fig. 7.6 20B). One operator
can drill enough holes for several planters to follow and
plant the nursery stock (fig. 7.6.20C). When scalping is
required, the scalper will select the planting spots and
create the scalp in advance of the auger operator. In some
soil types, the operator will have to excavate extra mineral
soil near each hole to ensure proper planting. Digging
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Figure 7.6.18—Shovels are
very versatile planting tools
(A) and are ideal for large and
deep container plants (B).
Specialized shovels have rein-
forced blades (C) that open
deep planting holes without
soil compaction (D). While
holding the plant vertical in
the middle of the hole (E), firm
the soil around the root plug
as the hole is backfilled (F).

Figure 7.6.19—Planting tubes have pointed jaws that open the planting hole (A).
The plant is dropped down into the hole through the hollow stem (B).
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Figure 7.6.20—Augers are effective plant-
ing tools because one skilled operator can
create planting holes (A&B) and several
other workers plant the stock (C) and fill
the holes by hand (D). Tractor-mounted
augers can create holes large enough for
the biggest container stock (E).

auger holes deeper than the depth of the container plug
reduces compaction and can promote downward root
growth. This means that the planter has to support the
plant at the proper depth in the hole, while filling with
soil from the bottom up (fig. 7.6.20D). Soil settling can
be a problem with auger planting so it is a good idea to
mound soil around the base of the plant. When more
than one auger operator is available, it is best for them
to take turns in order to reduce fatigue (Cleary and
others 1978).

A wide variety of augers are commercially available for
rent or sale: chainsaw-head, one-person, two-person, and
tractor-mounted augers (fig. 7.6.20E). Most small planting
projects can rent power augers at any commercial rental

agency. When doing large scale reforestation or restora-
tion projects, it is more cost effective to purchase one. If
you are inexperienced with their operation, however, it is
probably a good idea to rent first to make sure that you
have the correct machine for the project. Augers are high-
maintenance planting tools so keep a spare one available
as well as extra parts and bits (Kloetzel 2004). 

Well-organized auger teams can reach production rates
ranging from 30 to 70 plants per person/hr (Kloetzel
2004). In Hawai‘i, using an auger has become the ideal
planting tool when volunteers or other non-professional
planters are involved because the planting rate in order
is 2.5 times that of standard hand tools (Jeffrey and
Horiuchi 2003).
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Planting machines have been used for forest tree
seedlings for more than 100 years, and container plants
are ideal for machine-planting because of their compact
root systems and uniformity. Steadily increasing labor costs
and difficulty in finding skilled planters has motivated
many reforestation and restoration specialists to look at
machine-planting (Hallonborg 1997). Foresters in British
Columbia conducted trials with planting machines and
found that the cost of machine-planting was comparable
to hand-planting but was possible only on relatively flat,
easily accessible sites. Many mountainous reforestation
sites are steep, rocky, and covered with stumps and slash,
factors that favor trained hand-planters (Mitchell and others
1990). Likewise, mechanical tree-planters are not used
widely in Ontario because of site restrictions, high initial
investment, and greater maintenance costs (Paterson and
others 2001). Machine-planting has been more popular
on the more gentle terrain of the Central, Northeastern,
and Southern United States, and in Scandinavia.

Two basic types of planting machines, towed and self-
propelled, are used and will be discussed separately
(table 7.6.3).

7.6.8.1 Machines towed behind tractors

Many mechanical tree-planters are commercially available
and consist of a rolling coulter, a trencher, an operator’s
seat, and packing wheels that are mounted on a sturdy
frame (fig. 7.6.21A). Machine-planters for open fields
feature a three-point hitch and are towed behind a tractor
with the operator facing forward. The coulter cuts through
the sod and any roots, and the trencher opens a narrow
furrow (fig. 7.6.21B) in which the stock is hand-planted by
the operator. Packing wheels on the back of the machine
close the furrow and firm the soil around each plant. For
planting in open fields, planting machines can also be
equipped with a tank for applying herbicides (fig.
7.6.21C).

Some models, such as the Whitfield Tree Planting Machine,
are popular for reforestation sites that have a lot of woody
slash. They are safer because the operator rides backward in
a protective cage and cannot be hit by debris thrown up by
the tractor (fig. 7.6.21D) . The operator places plants in a
clip on a revolving chain assembly (fig. 7.6.21E) that carries
the plant around until it is positioned in the furrow. The
clips open mechanically and the plant is placed in the

7.6.8 Machine-Planting

Planting stock characteristics

Type of Planting Plant Plant Plug length Firm root Stem rigidity

propulsion method placement spacing determined by plugs required required

Towed behind Furrow with Manual Fixed in row Depth of No Yes

tractor closing wheels opening shoe

Self-propelled: Scarifying, Automated: Variable Depth of Yes Yes

mounted on mounding, and hydraulic or planting head

excavator or hole-making pneumatic

harvester heads

Table 7.6.3—Characteristics of the two types of tree-planting machines (modified from Landis 1999)
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Lateral 
adjustment
lever

Operator’s seat

Packing wheels

Trencher

Tractor 
attach points

Seedling racks

Planting shoe Rolling coulter

Foot rest

Hand Machineversus

72%
10%

10%

8%

27%

40%

22%

11%

Cost breakdown
(Percentage of the cost)

Labor               Supervision               Equipment               Overhead

Figure 7.6.21—A traditional type of planting machine (A) is towed
behind a tractor, and the plants are spaced evenly in straight rows
(B). Some models feature a herbicide sprayer for weed control (C).
With the Whitfield planter, the operator rides backward and places
seedlings in clips in a revolving chain (D) that carries them to the
bottom of the furrow, which is closed by packing wheels (E).
Economic comparisons have shown that machine-planting can be
much more economical than hand-planting (F). 
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furrow that is closed by the packing wheels (fig. 7.6.21E).
The Taylor Tree Planting Machine is attached to the prime
mover with a three-point hitch that allows down pressure to
maintain planting depth; it also features a water tank on top
to cool the stock (Converse 1999). Some machine-planters
are equipped with furrowing attachments to scalp the plant-
ing spot, while others have spray attachments for applying
herbicides to control unwanted vegetation. Planting speed
varies with the ground conditions, size of the nursery stock,
and experience and skill of the planting crew. Planting rates
of 400 to 1,000 trees/hr have been reported (Slusher 1993),
and in the Southeastern United States, 1,100 longleaf pine
seedlings can be planted per hour at a within-row spacing
of 4 m (12 ft) (South 2008).

Machine-planting must be evaluated on a site-by-site
basis and is not effective on slopes greater than 35 percent.
To offset the considerable transportation, operation, and
maintenance costs, planting projects must be relatively
large and accessible. A comparison of hand-planting
versus machine-planting showed that labor savings
can be considerable (fig. 7.6.21F). For example, in
Southeastern Alaska, reforestation costs ranged from
$247 to $321/ha ($100 to $130/ac), which was 18 percent
less than hand-planting (Peterson and Charton 1999).

One consideration with towed planting machines is that
plants are spaced regularly along the furrows. This is
beneficial when a grid-like planting pattern is desired,
such as in commercial forest or Christmas tree planta-
tions (fig. 7.6.11A). Equal plant spacing is a drawback,
however, when a more natural-appearing planting is
desired (fig. 7.6.11B&C). 

7.6.8.2 Self-propelled planting machines

Because of the high cost and unreliability of skilled
planters, several models of self-propelled planters have
been developed for container stock in Scandinavia (fig.
7.6.22A). These all-purpose planting machines have
multiple benefits (Drake-Brockman 1998):

• Scarifying, mounding, and planting can be accomplished
in a single operation.

• Planting spots are selected by the operator, which results
in a more natural-looking plantation (fig. 7.6.11B&C).

• Fewer worker injuries as the machine does the physical
work.

• Operators protected from inclement weather.
• Consistent quality of planting.
• Less contact with chemically-treated nursery stock.
• Reduced management planning and supervision.

Each planting machine has a different mechanism, but all
have remote heads that scarify, mound, and plant
seedlings in specific spots selected by the operator.

Bräcke planting machine. Developed in Sweden, this
machine has been the most popular of the self-propelled
planting machines (fig. 7.6.22A) and has been used in
the United Kingdom and throughout Scandinavia. More
than 30 Bräcke planting machines are being used in
Finland due to a shortage of hand-planters. The quality of
work has been equal to manual planting, but planting
costs have been slightly higher (Harstela and others
2007). The planting head is mounted on the hydraulically
controlled arm of an excavator or harvester (fig. 7.6.22B)
and contains a circular magazine containing 60 to 88
plants (fig. 7.6.22C). It can create mounds and plant
seedlings in the same operation (fig. 7.6.22D); production
rates have varied from 140 to 250 seedlings/hr, depending
on site conditions. 

M-Planter. This Finnish planting machine is also mounted
on a harvester or excavator boom, but it can create and
plant two mounds without relocating (fig. 7.6.22E-F). The
M-Planter features a larger seedling cassette that contains
242 seedlings and, in a recent comparison, outplanted
the Bräcke by 24 to 38 percent over a variety of site con-
ditions. Research is currently under way on an improved
model of the M-Planter (Harstela and others 2007).

Ecoplanter. This Swedish planting machine is also mounted
on a harvester or excavator boom, but it can create and
plant two mounds at a time. The Ecoplanter has a capacity
of 240 plants and can plant 220 to 250 seedlings/hr
(Saarinen 2007).

Several comparisons of self-propelled planting machines
were done in northern Europe. In Finland, the Bräcke and
Ecoplanter had similar planting rates of 200 to 250
seedlings/hr. The planting quality of the Bräcke machine
was comparable with hand-planting and better than the



182

Figure 7.6.22—A number of self-propelled planting machines
have been developed in Scandinavia for planting container
stock. The Bräcke planting machine (A) has been used the
longest and consists of a planting head (B) with a magazine of
seedlings (C), which is mounted on the arm of an excavator. The
planting head hydraulically creates a mound and plants a
seedling on top (D). The newest machines, such as the M-Planter
(E), can plant two seedlings without moving the excavator, and
tamp the soil around each (F). Planting trials have shown that
machine-planters can compare favorably with hand-planting (G)
(E, courtesy of Pekka Helenius; F, courtesy of Leo Tervo).
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Ecoplanter (fig. 7.6.22G), which caused stem deformation
and had more weakened or dead trees after 2 years
(Saarinen 2007). In a test of the Bräcke in Ireland, plant-
ing quality was well within planting quality specifications,
but not as good as hand-planting. However, no overall
significant differences in height growth and root-collar
diameter increment were found after the first growing sea-
son (Nieuwenhuis and Egan 2002). In the United
Kingdom, the Bräcke machine produced acceptable
planting of container conifers on upland reforestation sites
(Drake-Brockman 1998).
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7.6.9 Planting Equipment for Large Stock

Figure 7.6.23—The
expandable stinger is a
specialized planting
machine for harsh sites,
including compacted soil
and rip-rap (A). The long
scissor-like planting
head creates a planting
hole where a tall pot
container or nonrooted
cutting can be installed
(B). 

Large container stock and nonrooted cuttings are difficult
to plant effectively, so special equipment has been devel-
oped. Note that good access is essential and, in the case of
the pot planter, a source of water must be available.

7.6.9.1 Expandable stinger

The expandable stinger is a recently developed planting
machine attached to the arm of an excavator (fig. 7.6.23A)
that creates a hole and plants nursery stock in one opera-
tion. The planting head is composed of two parallel steel
shafts, which are hinged in the middle to open and close in
a scissor-like manner. Each shaft is constructed to create a
long, hollow chamber between them when closed. The
opening and closing of the shafts are hydraulically driven.
When the shafts are closed, the stinger comes to a point
and is pushed into the soil by the force of the excavator
arm. A long hardwood cutting or container plant is placed
into the chamber. The expandable stinger is maneuvered to
the planting spot, where the beak is inserted into the soil.
When the beak opens, the plant drops to the bottom of the
hole (fig. 7.6.23B).

Two expandable stinger models, single-shot and 50-shot, are
currently in use. The single-shot model holds only one plant
at a time and averages 50 to 80 plants/hr. The rotary maga-
zine of the 50-shot model holds 50 plants of up to three dif-
ferent species and can double the planting rate of the single-
shot model (Kloetzel 2004). The expandable stinger can
reach sites that are inaccessible by other planting equipment.
The arms on smaller excavators can reach 7.5 m (25 ft),
while those on larger machines extend out to a 15-m (50-ft)
radius. This equipment can also plant in very rocky soil con-
ditions, including rip-rap and gabions, and can penetrate
very compacted soils making it ideal for restoration projects.
It is a good idea to have someone follow the stinger and fill
in around the plants with mineral soil. 

The major drawback to the expandable stinger is its
expense. In addition to hourly operating costs, mobiliza-
tion costs can be very high, although these costs should
be amortized across the entire project. As the number of
plants installed by the expandable stinger on a project
increases, the cost per established plant decreases. In a
well-planned operation, the expandable stinger can
achieve a production rate of 200 plants/hr. 
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Figure 7.6.24 —The pot planter uses high-pressure
water pumped from a compressor (A) through holes in
a specialized nozzle (B) to create planting holes for
large container stock (C).

7.6.9.2 Pot planter

The pot planter was developed for riparian restoration
projects (Hoag 2006) and uses high-pressure water to
create planting holes for large container stock. Water
from a lake, stream, or tank is pumped into a compressor
(fig. 7.6.24A) and then forced through the tip of a high
pressure nozzle (fig. 7.6.24B). The pot planter has 7.6-cm
(3-in) vanes attached to the sides of the nozzle, which
create holes large enough for containers up to 3.8 L (1 gal)
(fig. 7.6.24C). The hole that is created by the pot
planter is filled with a soil slurry that is displaced when
the root plug of the container plant is inserted to the
desired planting depth. After the water drains from the
slurry into the surrounding soil, the soil settles in
around the root plug, assuring good soil-to-root contact.
The water also thoroughly wets the root plugs and
seeps into the surrounding soil. Operational trials have
shown that large container stock can be planted at a
rate of approximately 60 plants/hr (Hoag 2006).
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Depending on the site, several other treatments may be
applied to plants at the time of outplanting to improve
survival and growth. These solutions to potential limiting
factors would have been identified during the site evalua-
tion (see Section 7.6.1).

7.6.10.1 Protection from animal damage

Compared with wild plants, fertilized nursery stock has
higher levels of mineral nutrients and is therefore preferred
browse by deer, elk, and other animals (Fredrickson
2003). Plants (especially the terminal shoots) are eaten by
deer, elk, gophers, and other animals, although the rate of
browsing can vary by season (Kaye 2001) (fig. 7.6.25A). If
the outplanting area is known to have a problem with
animal damage, then control measures may be necessary.
Physical barriers installed immediately after planting, such
as netting, rigid mesh tubing (fig. 7.6.25B), bud capping,
and fencing, can help protect plants long enough for
them to grow large enough to resist animal damage. Troy
and others (2006) found that 95 percent of nonprotected

oak (Quercus spp.) seedlings were browsed, compared
with only 4 percent of those in protective shelters.
Johnson and Okula (2006) concluded that browse pro-
tection increased both survival and growth of outplanted
antelope bitterbrush (Purshia tridentata) seedlings.

A variety of solid-walled and mesh tree shelters is avail-
able, and the environment and plant response can vary
considerably. Western redcedar and Oregon white oak
(Quercus garryana) container stock was outplanted in
fine-mesh fabric shelters; solid-walled white shelters
with and without vent holes; and solid-walled, blue,
nonvented shelters. One year after outplanting, height
and diameter growth of the western redcedar were sig-
nificantly increased in all shelter types, with blue solid-
walled shelters resulting in the greatest height growth. In
blue, solid-walled shelters, however, photosynthesis and
stem diameter growth of Oregon white oak seedlings,
which are less tolerant of shade, were significantly
reduced compared with nonsheltered seedlings (Devine
and Harrington 2008). 

7.6.10 Treatments at Time of Planting

Figure 7.6.25—Browsing damage to outplanted seedlings
can be very high on some sites (A). Options for protecting
plants from animal damage include plastic mesh tubing
(B), or an application of predator scent repellent (C).
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Chemical repellents are another option to protect from
animal damage. These repellents are less costly than
physical barriers but their efficacy can be shorter lived.
A variety of products that have an odor or taste that is
repugnant to wildlife is available. Treating plants with
these products can result in significant reductions in
browsing (Frank 1992; MacGowan and others 2004)
(fig. 7.6.25C).

7.6.10.2 Fertilization

Mineral nutrition is a key component of plant performance
after outplanting, and most outplanting sites are limiting for
many essential nutrients, especially nitrogen. Agriform®

tablets are made of ureaformaldehyde, which provides
slow release of nitrogen, as well as phosphorus, potassi-
um, and other secondary and minor elements (Scotts
2007). Although commonly used in ornamental plant-
ings, Agriform® tablets have yet to find wide use in
forestry, conservation, or native plant outplantings.

Instead, polymer-coated controlled-release fertilizers
(Osmocote®, Apex®, Multicote®, Nutricote®, Diffusion®)
have become the most popular method of fertilizing at
the time of outplanting (Jacobs and others 2003); they fea-
ture nutrient release rates up to 18 months. Fertilizer prills
are incorporated into the growing medium during sowing
(Moore and Fan 2002; Haase and others 2006) or added to
the bottom of the planting hole (Arnott and Burdett 1988;
van den Driessche 1988). Other applications include
applying the fertilizer prills in a dibbled hole alongside
the plant or broadcasting it around its base. To minimize
the possibility of fertilizer burn to roots and to prevent the
nutrients from being “stolen” by competing vegetation,
the side application makes the most sense (Landis and
Dumroese 2009). 

Fertilizer efficacy, however, varies with site conditions
(Rose and Ketchum 2002, Everett and others 2007). On
moisture-limiting sites, fertilizer salts can buildup to toxic
levels, resulting in a negative effect on survival and

Figure 7.6.26—Mulching with paper mats
(A&B) or loose materials (C) can reduce
competing vegetation around the plant-
ed seedling.
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growth (Jacobs and others 2004). For fall outplanting
in Northern California, the initial growth benefits of
controlled-release fertilization did not hold up over time
(Fredrickson 2003). Before applying any fertilizer, it is
crucial to consider the formulation, application rate,
placement, solubility/release rate, and existing nutrient
levels on the site.

7.6.10.3 Mulches

In addition to site prep practices that minimize effects of
competing vegetation (see Section 7.6.4.5), mulching can
reduce recurrence of vegetative competition for a longer
duration than initial site preparation. Mulch mats made
from materials such as plastic, fabric, sod, or paper
(fig. 7.6.26A&B) are held in place with rocks, branches,
or stakes. Mulching plants can also be accomplished
with a thick layer of loose organic matter, such as corn
cobs, coconut fiber, pine straw, sawdust, or bark chips
(fig. 7.6.26C). In addition to inhibiting growth of com-
peting vegetation, mulch insulates soil from temperature
extremes and helps maintain soil moisture by reducing
surface evaporation. Although purchase and installation
of mulch materials can be costly, mulches can signifi-
cantly improve plant survival and growth on droughty
sites. McDonald and others (1994) found that large (3 m x
3 m [9 ft x 9 ft]), long-lasting (5 years) mulch mats effec-
tively enabled ponderosa pine seedlings to become

established on the site unimpeded by competing plants
and significantly increasing height and diameter growth
compared with controls. Similarly, bur oak (Quercus
macrocarpa) and white ash (Fraxinus americana ) had a
significant positive response to mulch treatments (Truax
and Gagnon 1993). On dry restoration sites, mulches can
be particularly effective. Plastic mulches of only 122 cm
(48 in) in diameter significantly increased soil water con-
tent and subsequent growth of Oregon white oak contain-
er seedlings; even post-planting irrigation was effective
only under mulches (Devine and others 2007).

7.6.10.4 Shelters

As mentioned previously, tree shelters (fig. 7.6.27A) can
protect plants from animal damage. Another important
benefit is that shelters limit the intensity of UV light and
drying winds that cause damage by desiccation and sun
scald (fig. 7.6.27B). Engelmann spruce (Picea engelman-
nii) seedling survival increased from 58 percent to more
than 95 percent when shelters were installed (Jacobs and
Steinbeck 2001). Tree shelters are available in a variety of
sizes and colors (allowing varying amounts of solar radia-
tion to penetrate), as well as with or without venting.
Selection of a specific shelter should be made based on
expected site conditions and the growth habit of the
species. In a comparison of ventilated and nonventilated
shelters, ventilation consistently reduced inside shelter

Figure 7.6.27—Tree shelters (A) protect plants from animal damage and sunscald (B); shading is also effective against sun
damage but must be installed on the southwestern side of the plant (C).
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temperatures by about 2.7 °C (5 °F) (Swistock and
others 1999). Plants kept in tall, rigid shelters for a
long period of time can become spindly (reduced stem
diameter relative to height) and incapable of standing
upright after shelter removal (Burger and others 1996).
Management considerations for using tree shelters should
include the costs of purchase, assembly, and installation
as well as annual maintenance following winter snow
pack that can crush the shelters and cause plant damage.
Nevertheless the increased cost may be offset by increased
survival, thereby reducing the need to replant at a later
date when competing vegetation is established. 

7.6.10.5 Shading

Ideally, an outplanting site provides adequate materials,
such as stumps or logs, to provide microsites for planting
(see Section 7.6.5.1). It is sometimes useful, however, to
install artificial shade to protect plants from damaging
heat. Resistance to heat damage increases with plant size
because the ability of the plant to shade itself increases.
Heat damage usually occurs on flat or south-facing sites in
regions with hot, dry summers and clear skies, but it can
also occur in wetter regions under dry, clear conditions
(fig. 7.6.27B). Shading only the basal portion of the stem
appears to be as effective in preventing heat damage as

shading the entire stem and some foliage, which can also
reduce transpiration (Helgerson 1989a). Five-year survival
of Douglas-fir seedlings was increased with shading on two
south-facing sites in Southwest Oregon (Helgerson 1989b).
In another study, artificial shading significantly increased
seedling survival on four of six harsh sites west of the
Cascade Mountains (Peterson 1982). Artificial shade
materials, which include cardboard, shingles, rigid shade
cloth, and other materials should be installed on the south
or southwest side of the seedling (fig. 7.6.27C).

7.6.10.6 Irrigation

Although irrigation is impossible on typical reforestation
sites, watering after outplanting is sometimes needed
on severe restoration sites and special techniques are
employed. For example, on a Sonoran Desert site, honey
mesquite (Prosopis glandulosa) seedlings were irrigated
through plastic pipes to ensure that the water reached the
root zone without loss to evaporation. Four years later,
plants that had been deep watered had three times better
survival and were significantly taller than surface-watered
plants. More information on deep watering and other irri-
gation techniques can be found in Bainbridge (2007) and
Steinfeld and others (2007).
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7.6.11 Monitoring Outplanting Performance

Reforestation and restoration outplantings are an expen-
sive investment, so it makes sense to conduct surveys to
evaluate their need, monitor performance, and track out-
planting success over time. Many different types of refor-
estation surveys have been well covered in the literature
(Pearce 1990; Stein 1992); and an excellent guide on how
to evaluate restoration plantings can be found in chapter
12 of Steinfeld and others (2007). 

The following discussion deals with monitoring planting
quality during the project. The only way to determine if
planting is being done correctly is to conduct an inspec-
tion right behind the planting crew (Neumann and Landis
1995). With contract planting jobs, these inspections cer-
tify whether the work meets specifications, and the results
are used to calculate payment. Prompt and thorough
inspections can also lead to increased outplanting success
in subsequent projects. In Texas, for example, the inci-
dence of plantation failure was more than cut in half
(from 40 percent to about 16 percent) after an inspection
program was initiated (Boggus 1994).

A typical plantation inspection consists of the following
three steps (Rose 1992).

Check the number and spatial distribution of plants.
Plots are established to determine whether the correct
number of plants was installed in a given area, whether
good planting spots were selected, and whether plants
were properly spaced. New technology may make this
job easier. In a recent research trial, a tree-planting dibble
was outfitted with an accelerometer, a Global Positioning
System (GPS) unit, and a data logger to map the locations
of seedlings as they were planted. Results showed that the
equipment accurately (±7 percent) counted the number of
seedlings planted. Although the GPS system was not sen-
sitive enough to identify individual plants, this may be
resolved with increased sensitivity of newer equipment
(McDonald and others 2008). 

Aboveground inspection. A representative sample of
plants is examined to see if the planting spot was selected
properly and to check the quality of the scalping, stem
orientation, planting depth, and use of natural or artificial
shade. Planting depth, which is one of the most critical
things to check, is usually specified in relation to top of
the root plug (fig. 7.6.28A; see Section 7.6.6.2). 

Belowground inspection. A hole is dug with a planting
shovel (fig. 7.6.18C) alongside the planted plant to check
for proper root orientation, loose soil, air pockets, foreign
material in the hole, and so on. Begin digging the hole far
enough away from the main stem (25 cm [10 in]) so that
roots are not disturbed in the process of inserting the
shovel. Then, gently clear soil away while digging toward
the plug so that the plug can finally be inspected in the
position it was planted (fig. 7.6.28B). The plug must be in
a vertical plane and not twisted, compressed, or jammed
and the hole should not contain large rocks, sticks, litter,
cones, or other foreign debris. Soil should be nearly as
firm as the undisturbed surrounding soil, with no air
pockets. In auger plantings, be sure to check soil firmness
near the bottom of the holes (USDA Forest Service 2002).

7.6.11.1 What type of survey is best?

Two types of surveys, circular plots and stake rows,
traditionally have been performed, and each has its
own advantages.

Circular plots. The traditional method for determining
planting density is to measure 40-m2 (1/100-acre) plots
that are evenly distributed throughout the plantation. An
adequate sample is about 2.5 plots per hectare (one plot
per acre), with usually no more than 30 plots evenly dis-
tributed throughout the planted area. A 100th acre plot
has a radius of 3.6 m (11 ft, 9.3 in), which is established
with a center stake and a piece of string or twine cut to
this length (Londo and Dicke 2006). Seedlings outplanted
within the plot are counted, and their tops examined and
measured. The root system of the plant closest to the center
is excavated to evaluate planting technique. Record each
plot separately on a survey form (fig. 7.6.28C) using the
examination criteria shown in figure 7.6.14.

Stake rows. Rapid weed growth makes it surprisingly hard
to locate desired plants, so 10-plant stake rows are used
to make plants easier to find in subsequent evaluations.
Establish a starting point that can be easily located and
stake 10 plants along a compass bearing. Height, diameter,
and plant condition are recorded on the data form, along
with average spacing between plants. Stake row data are
typically used to determine survival and growth rates and,
with average spacing between plants, can also be used to
calculate plants per area (Londo and Dicke 2006).
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Figure 7.6.28—It is best
to inspect right after the
planting crew (A). Dig a
vertical hole alongside
the seedling (B) to check
for proper depth and
alignment of the root
plug. Using a standard
survey form (C) will
ensure that the same
information is collected
at each plot.

Plantation: Date Planted:

 Plot Number:

 Plant
No.

 Species
Code

 Height
(cm)

 Caliper
(mm)

 Condition
Codes  Comments  Plant Condition Codes

 Plot Map

1 = Poor planting spot
2 = Planted too deep
3 = Planted too shallow
4 = “J” root
5 = Poor compaction — Air pockets
6 = Foreign material in hole
7 = Not planted vertically
8 = Poor scalp
9 = Planted too close to another plant

Date Inspected:

Inspector:

 Contract Number:

N

Scale =

10 = Other — Provide comments

A B

C
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7.6.11.2 What sampling design is best?

Systematic stratified sampling is often recommended,
because plots are located at standard predetermined
distances and are therefore easy to establish and locate
again at a later time. Stratification means that the entire
population of plants in the outplanting area is subdivided
into homogeneous units before sampling begins. First,
strata of uniform conditions are identified, and then
sample plots are located systematically within these areas
(Pearce 1990). These strata could be based on species,
nursery of origin, planting crew, or any other factor that
could introduce serious variation. Machine-planted stock
on abandoned farmland would have less variability
because conditions are relatively uniform and planter-to-
planter variation is not an issue. In contrast, considerable
variability exists on hand-planted projects in mountainous
terrain, where differences in aspect, soil, and planting
technique occur (Neumann and Landis 1995).

7.6.11.3 How many plots are necessary?

The number of plots to establish is generally a function of
two factors: (1) available resources (time and money); and
(2) variability of the attributes that will be measured. In
calculating an appropriate number of plots, statisticians
are interested in some measure of variability, such as the
standard deviation of plant heights in the outplanting.
Using this example, if a quick check of height varies
greatly within the plantation to be sampled, then more
plots should be taken. On the other hand, if the heights
appear to be very uniform, then fewer plots will be suffi-
cient. If you want statistical significance, more complicat-
ed calculations are available to compute appropriate
number of plots, using an estimate of the variability of the
attribute and the degree of statistical accuracy desired
(Stein 1992).

Determining the number of plots based on variability is
often a judgment call but, in most cases, a 1- to 2-percent
sampling intensity is sufficient (Neumann and Landis
1995).
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7.6.12 Conclusions and Recommendations

Outplanting is the final stage in the nursery process, and
survival and growth are the ultimate tests of plant quality.
The final three steps of the Target Plant Concept are criti-
cal to outplanting success and should be considered
when plannning and initiating outplanting projects. Each
outplanting site is unique and should be evaluated to
identify critical limiting factors as well as the best season
for outplanting during the planning process. The best out-
planting tool and technique must also be specified during
planning, because that decision will have a major effect
on the best stocktype to produce. A wide variety of hand-
and machine-planting options are available, but each tool
or technique is best suited to particular stocktypes and
outplanting site conditions. All this information is tradi-
tionally included in the site prescription which will guide
the entire nursery-to-outplanting process.

Stock-handling during transport and on the planting site
has a critical effect on outplanting performance. Nursery
stock should be outplanted as soon as it arrives, but often
a day or two of onsite storage is necessary. It is wise to
plan for contingencies, such as bad weather, crew prob-
lems, or equipment breakdown. A representative sample
of the nursery stock should be inspected as soon as it
arrives on the planting site to identify possible problems
and make adjustments. At the same time, a survey of the
planting site itself should be conducted and plans made
for which areas should be planted first.

Site preparation treatments, which are also part of the
site prescription, will ensure that the proper supplies and
equipment are available ahead of time. Plant spacing and
pattern should be specified in the prescription so this crit-
ical information is part of crew training. Other treatments,
such as plastic netting, tree shelters, and mulches, may
need to be applied to plants at the time of outplanting to
ameliorate potentially limiting site factors. 

The final step in the process is to conduct surveys during
and immediately after outplanting to evaluate planting,
monitor plant performance, and track outplanting success
over time. The best type and intensity of sampling will
depend on project objectives and should be designed
as part of the site prescription. Successful outplanting
projects are the result of good planning and timely
execution. Often, adjustments need to be made onsite
but most of these contingencies can be anticipated in
the site prescription.
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