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Nursery Meetings

Note: Because FNN is only printed twice a year,
the following information is necessarily dated. For
the most up-to-date information on meetings about
nurseries, reforestation, and restoration, visit the
RNGR Website: www.rngr.net

The Second National Native Seed Conference will be
held April 9 to 11, 2013 in Santa Fe, New Mexico. This
conference will feature the latest research from around
the world on a wide variety of subjects concerning plant
materials used in restoration.

For more information, check out the conference website:

http://www.nativeseed.info

The combined Northeastern and Southern Forest
Nursery Association meeting will be held July 22 to
25, 2013 in Lafayette, Indiana. The agenda will include
technical presentations and exhibits as well as tours of
the Purdue University Hardwood Tree Improvement
and Regeneration Center, Vallonia Nursery, and Arbor
America who specialize in plantations of black walnut.

For more information, contact:

Western Forestry & Conservation Association
4033 SW Canyon Rd. « Portland, Oregon 97221
TEL: 503.226.4562
http://www.westernforestry.org/

The Western Forest and Conservation Nursery Asso-
ciation meeting will be held August 6 to 7, 2013 in
Olympia, Washington, and hosted by the Washington
Department of Natural Resources. This year’s theme
will be “Life in the Underground: management of soils,
growing media, and roots in the production of forest
and conservation seedlings”

If you would like to give a presentation or
just want the latest information, contact:

Diane L. Haase
Western Nursery Specialist « USDA Forest Service
333 SW First Ave « Portland, OR 97208
TEL: 503.808.2349 « FAX: 503.808.2339
E-mail: dlhaase@fs.fed.us
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Conditioning Nursery Plants to Promote Hardiness

and Dormancy

by Thomas D. Landis

Most novice growers don't give much thought to harden-
ing or dormancy because they are much more concerned
with getting seeds to germinate or cuttings to root, and
then putting on enough height and stem diameter growth
to meet specifications. From my point of view, however,
hardening is the most important phase of nursery culture
because plants that don't receive proper hardening do
not store well over winter and are less likely to survive
and grow after outplanting. This is even more important
for forest, conservation, and native plants that will be
outplanted on relatively harsh sites without subsequent
watering or other supplemental treatments. This special
conditioning is so important that we dedicated the last of
three growth phases to hardening and dormancy induc-
tion (Figure 1).
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Figure 1 - The hardening phase is the last of 3 phases of nurs-
ery culture, where the objective changes from promoting fast
growth to conditioning the plants to undergo the stresses of
harvest, storage, and outplanting. The hardening phase usu-
ally begins when plants are 80 to 90% of their target height (A)
(modified from Landis and others 1999).

1. The Hardening Phase

The hardening phase is the third of 3 nursery production
phases and is the period of time in which the seedling
shifts from shoot growth (height) to stem diameter (cali-
per) and root growth (Landis and others 1999). During
this phase, the plants also become gradually conditioned
to withstand the rigors of harvesting, shipping, and
outplanting. Seedlings reach their target stem diameter
during the hardening phase (Figure 1), lateral buds are set,
and root growth continues until soil temperatures become
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Figure 2 - Incremental growth curves are the best way to illus-
trate the timing of shoot, caliper, and root growth during the
growing season. Target height has been reached by the Hard-
ening Phase, when carbohydrates are shifted from the shoot
meristem to the lateral meristem (caliper growth), and the
roots (modified from Landis and others 1999).

too cold (Figure 2). With container stock, roots must grow
enough to bind the growing medium into a firm plug that
will hold up during harvesting, storage, and outplanting.
The hardening phase has two different, but physiologi-
cally related, objectives that must be achieved sequentially:
dormancy induction and stress conditioning.

1.1 Dormancy induction

Because seedling growth cannot be stopped abruptly, the
hardening phase must be initiated when seedlings are ap-
proximately 80 to 90% of the actual target height to allow
for this subsequent growth (A in Figure 1). While shoot
growth begins to slow down, stem diameter continues to
increase toward its target (Figure 2). In most species that
exhibit determinate growth, bud development starts dur-
ing this stage. With indeterminate species such as south-
ern pines and junipers, a true bud does not form and the
shoot simply stops growing.

1.2 Stress conditioning

Seedling shoots are extremely succulent after the rapid
growth phase and have little stress tolerance. Therefore,
they must be gradually hardened to tolerate the many
stresses of harvesting, handling, storage, and outplanting.
Timing and duration of the hardening phase will depend
on when seedlings will be outplanted, and the types of
stresses that will be encountered on the outplanting site.
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2. Hardiness and Dormancy:
Definitions and Monitoring

These two terms are commonly used in nursery work and
often interchangeably. However, while both occur dur-
ing the hardening phase, there are subtle, yet significant,
differences between them. In addition, hardiness and
dormancy are measured and monitored differently.

2.1 Hardiness

My favorite definition of hardiness is “a condition of
durability or resistance to stress’, and the term can refer to
a specific stress (for example, cold stress) or to an overall
condition of stress resistance. The most common type of
hardiness is to frost (Figure 3A), although a hardy plant is
resistant to all types of stresses: cold, heat, moisture, salt,
and mechanical. One important attribute of hardiness is
that it can refer to all the various tissues of a plant (buds,
foliage, stem, and roots), although the shoots become
much more hardy than the roots, which are protected by
the soil or growing medium (Figure 3B).

The main way that hardiness is measured is by resistance

Lateral
Meristem

Figure 3 - Frost hardiness (A) is the most common type of hardiness, although hardy plants are resistant to all types of stresses.
One of the major differences between hardiness and dormancy is that, while hardiness refers to entire plants, dormancy refers to
activity of one of the three meristems: buds, lateral meristems in the stem, and root tips (B). Bud dormancy is often thought of
in terms of a firm resting bud (C), but species with indeterminate growth never form buds.
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to cold injury, and two cold hardiness tests are commonly
used: the whole plant freezing test and the freeze-induced
electrolyte leakage test (Landis and others 2010). Both
tests have two steps: first, plants or plant parts are exposed
to a freezing stress and, second, the amount of cold injury
is rated. Cold hardiness testing is currently the second
most common seedling quality test ordered by nurseries
and reforestation specialists. Experience has shown that,
when plants are at their maximum state of cold hardiness,
they are also the most resistant to the many stresses of
harvesting, 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).

2.2 Dormancy

Dormancy can be defined as “a state of minimal meta-
bolic activity”, or “any time that a plant tissue is pre-
disposed to grow, but does not” (Lavender 1984). So,
when plants are dormant, they are not growing — cells
are not dividing or enlarging. Dormancy is one of

the oldest concepts in plant science. Nursery workers
learned by trial and error that plants could be trans-
planted and outplanted most successfully when they

Winter 2013

were not actively growing. In the temperate zone, this
occurs during the winter.

One of the major differences between hardiness and
dormancy is that, although we talk about dormant nursery
stock, dormancy refers to a specific meristematic tissue,
usually buds (Figure 3C). In the same plant, the 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. So, the common nursery expression of dormant
plants is a misnomer.

All nursery stock, except in the tropics, goes through a
seasonal dormancy cycle (Figure 4). In spring, as day
length and temperatures increase, plant buds swell and
shoots begin to grow. Shoot growth is most rapid in the
spring and early summer but slows down after the sum-
mer solstice as day length (photoperiod) becomes shorter.
At the end of the growing season, determinate plants form
terminal and lateral buds, whereas indeterminate plants
just stop growing as the shoots become dormant. Dor-
mancy is more visible in deciduous plants as their leaves
change color and fall off as autumn progresses. During
the winter, shoot dormancy is released by exposure to an
extended period of low temperatures. Once this “chilling
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Figure 4 - The buds of perennial plants in the temperate zone go through a seasonal cycle of shoot growth and dormancy. Note
that peak dormancy occurs in late fall instead of midwinter, as is often believed, and that dormancy is released by cumulative
exposure to cold temperatures (“chilling requirement”) (from Jacobs and Landis 2009).
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requirement” is satisfied, warm spring temperatures and
will trigger bud break and shoots will begin to grow again
(Jacobs and Landis 2009).

3. Cultural Objectives of the
Hardening Phase

Nursery managers should strive for five different
objectives during hardening.

3.1 Manipulate seedling morphology

The first objective of hardening is to slow down and even-
tually stop shoot growth, while shifting carbohydrates to
the lateral meristem to increase stem diameter and to the
roots. This is critically important to nursery stock quality
because stem diameter has consistently been shown to

be the single best predictor of outplanting performance
(Mexal and Landis 1990). Developing an expansive root
system is also very important and root growth shows a
surge during late summer and early fall (Figure 2). 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. Shoot-to-root ratios less than 2.5:1 are usually
deemed more desirable, especially on hot and dry out-
planting sites where a relatively small shoot loses less water
through transpiration (Landis and others 2010).

The development of large, firm buds in determinate
species, such as pines, also happens during the harden-
ing phase (Figure 3C). Although the presence and size

of buds are not, by themselves, good indications of plant
quality, they have traditionally been considered desir-
able by foresters and other customers. Perhaps the most
important aspect of bud development is the number of
needle primordia and this has been used an an index of
plant quality (Colombo and others 2001). Some customers
of conifer stock prefer their seedlings to have secondary
needles, which often develop during the hardening phase;
for instance, lodgepole pine (Pinus contorta) seedlings
with secondary needles have better outplanting perfor-
mance (van Steenis 1993).

3.2 Minimize overwinter injuries

One of the best reasons to properly harden your nursery
plants is to avoid the 3 main types of overwinter damage:
cold injury, winter desiccation, and frost heaving. Early
fall frosts frequently kill succulent plant tissue (Figure 3A),
whereas hardy shoots are uninjured because the tissues
have developed rigid cell walls and are covered with a
waxing coating. Both container and bareroot stock that is
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overwintered outside can be damaged by winter desicca-
tion, which occurs during sunny, windy weather. Unfor-
tunately, even hardy plants can be desiccated when these
conditions persist for a long time. Bareroot plants can be
damaged by frost heaving, especially smaller stock without
a deep and extensive root system.

3.3 Acclimatize stock to ambient conditions

Container nursery plants, especially those grown in green-
houses, are especially succulent and need to be gradually
acclimatized to outside conditions. Moving them from the
greenhouse to a shadehouse or open growing compound
at the start of the hardening phase will help them develop
hardy tissue that can better tolerate the stresses of lifting,
packaging, and storage (Mexal and others 1979).

3.4 Develop stress resistance for storage,
handling, and outplanting

Hardy and dormant plants with thick walled cells and foli-
age covered with a protective waxy coating are much more
tolerant of the many stresses they will encounter after leav-
ing the nursery. Desiccation is the major hazard for nursery
plants from the time they are harvested to when they are
well established on the outplanting site. When dormant
and non-dormant Norway spruce (Picea abies) container
plants were subjected to weeks of moisture stress and then
outplanted, the dormant plants produced significantly
more new roots at the higher stress treatments (Figure 5).

3.5 Fortify plants for outplanting

The final cultural objective for the hardening phase is
to prepare plants to survive and grow after outplanting.
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Figure 5 - When spruce seedlings were exposed to drought and
then outplanted, those that were dormant had more new roots
growing out from the root plug (root egress) after three weeks
(modified from Helenius and others 2005).
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The idea behind “nutrient loading” is that nursery plants
supercharged with high levels of nitrogen will survive and
grow better on outplanting sites where mineral nutrients
are limiting. The process involves fertilizing seedlings
during the hardening phase until their nitrogen content is
in the luxury consumption area of the growth curves. Nu-
trient loading has been very successful with black spruce
(Picea mariana) on sites with heavy plant competition
(Timmer 1997).

4, Cultural Practices to Induce
Hardiness and Dormancy

Nursery managers can use 4 cultural treatments to
manage hardiness and dormancy (Figure 6).

4.1 Reduce fertilization, especially
ammonium nitrogen

In general, the continued application of high nitrogen
fertilizers, especially those containing ammonium, pro-
motes succulent shoot growth and retards dormancy. For
example, red maple (Acer rubra) seedlings grown at high
(300 ppm) nitrogen levels retained their leaves about 3
weeks longer than those grown at more normal rates (Gil-
liam and others 1980). Just as high nitrogen is one of the
primary cultural factors used to stimulate shoot growth
during the rapid growth phase, lowering nitrogen levels
is a logical and effective way to control height and induce
hardiness (Young and Hanover 1978). Nitrate, rather
than ammonium, and increased calcium levels have also
proven beneficial to promote dormancy and hardiness.

Winter 2013
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Figure 6 - Nurseries can manipulate four cultural factors to stop
shoot growth and induce hardiness (Landis and others 1999).
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Container growers use a “clearwater rinse” at the start of
the hardening phase to flush any excess nitrogen from

the growing medium, and then use a special hardening
fertilization program. Calcium nitrate is a soluble fertil-
izer that is often used during the hardening phase (Landis
and others 1999). It would be much more difficult for
bareroot nurseries to quickly change fertilizers (Table

1) but avoiding high ammonium fertilizer formulations
during hardening would be advisable. On the other hand,
nursery stock that is nutrient deficient will not be as hardy
or dormant as plants receiving proper fertilization. When
exposed to freezing temperatures, Scots pine (Pinus sylves-
tris) seedlings that had received adequate fertilizer showed
less cold injury than those that were nutrient deficient
(Rikala and Repo 1997).

4.2 Induce mild water stress

Research has shown that a mild moisture stress reduces
shoot growth, promotes bud dormancy, and hardens

Table 1 - Cultural treatments used to harden seedlings in bareroot and container nurseries

induce mild moisture stress
as part of a comprehensive
hardening program

Growth Limiting Bareroot Nurseries Container Nurseries
Factors
Temperature None 1) Greenhouse - Move seedlings to shadehouse or open compound
2) Shelterhouse - Raise sides and remove roof, if possible
3) Open compounds - None
Moisture Withhold irrigation to Withhold irrigation to induce mild moisture stress as part of a comprehensive

hardening program

Mineral Nutrients Stop fertilizing with nitrogen
4 weeks before start of hard-

ening period

Leach growing media with water; switch to low nitrogen fertilizer

Light None, but blackout could be

effective

1) Greenhouse - Turn off photoperiod lights; deploy blackout curtains
2) Shelterhouse -Turn off photoperiod lights; deploy blackout curtains

3) Open compounds - Deploy blackout curtains over hoops
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the tissues of some species but this often has been
difficult to achieve in nursery practice. With some species,
even moderate moisture stress can be detrimental to the
hardening process. For example, moisture stress had no ef-
fect on induction of shoot dormancy in western hemlock
(Tsuga heterophylla) and actually inhibited the beneficial
effects of the other dormancy treatments (O’Reilly and
others 1989). One of the problems with moisture stress
treatments is reaching the proper stress level uniformly
for the entire crop. Because bareroot seedlings have ac-
cess to a larger volume of soil, inducing a mild moisture
stress is easier than with container stock that has access

to a limited volume of growing media and where irriga-
tion cannot be applied equally to every plant. Another
problem is applying rather precise research results from
controlled conditions to an entire crop under operational
conditions. For example, a moderate plant moisture stress
(PMS) treatment of -1.5 MPa induced bud set and shoot
dormancy in blue spruce (Picea pungens) seedlings
but, if the stress reached higher PMS levels of -1.8 to
-2.0 MPa, foliar injury occurred (Young and Hanover
1978). Conversely, a very well designed irrigation
experiment with container white spruce (Picea glauca)
found that a mild water stress did nothing to induce frost
hardiness (Carles and others 2005). So, growers should test
their own species and should consider that a mild mois-
ture stress will be most effective when applied in combina-
tion with reduced fertilization, cooler temperatures, and
reduced photoperiod (Table 1).

4.3 Expose seedlings to cold temperatures

Most temperate zone seedlings must be able to toler-
ate below-freezing temperatures to avoid damage from
early fall frosts and, tolerate overwinter storage. When
about 80 to 90% of the crop has reached the target
height and bud set is complete (Figure 1), temperatures
can be lowered to begin conditioning the seedlings.
Temperature modification is only possible with con-
tainer plants in greenhouses (Table 1). Because the
objective of this hardening phase is to slow and eventu-
ally stop shoot growth while encouraging stem diam-
eter growth, exposing container crops to cooler tem-
peratures is effective. This has the effect of maintaining
sufficient rates of photosynthesis and respiration to
promote stem diameter and root growth. The bud dor-
mancy of most woody plants is released by long-term
exposure to temperatures slightly above freezing 40 to
45 °F (-5 to 7 °C); this time/temperature treatment is
known as the chilling requirement (Landis and oth-

ers 2010). Some species require exposure to freezing
temperatures, especially at night. Night temperatures

10
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have been shown to be more important than day tem-
peratures for developing cold hardiness in Douglas-fir
(Pseudotsuga menziesii) (van den Driessche 1969).

4.4 Shorten the photoperiod

Both light intensity and duration are important to hard-
ening and dormancy induction. Although sensitivity to
light is most pronounced in species from higher latitudes,
some response has been achieved for most temperature
zone species. Shortening the daylength (photoperiod) is
primarily used with container stock, especially in green-
houses (Table 1); the naturally shortening daylength is also
effective with bareroot plants. Short photoperiods induce
cold hardiness in many species, especially when combined
with cold temperatures. A short (8-hour) photoperiod
was found to induce cold hardiness levels in loblolly pine
(Pinus taeda) comparable to seedlings that had been ac-
climated naturally outdoors (Mexal and others 1979).

A shortened photoperiod is one of the most effective
cultural treatments triggering the termination of shoot
growth and formation of buds in many conifer seedlings,
especially those from high latitudes (Hawkins and oth-
ers 1996). Photoperiod can be shortened in 2 ways. First,
in greenhouses, just shutting-off the crop lights that were
used to extend photoperiod during the rapid growth
phase will induce bud set. Growers should be aware that
it is the relative rather than the absolute photoperiod that
is effective. For example, seedlings that were grown under
a 24-hour intermittent photoperiod set buds under a
18-hour treatment even though the latter is their normal
summer daylength (Landis and others 1999). Second,
excluding light with blackout curtains to shorten day-
length to 8 or 12 hours has proven remarkably effective in
stopping shoot growth and setting buds (Figure 7). These
blackout or short-day treatments have mainly been tested
on conifer species from high latitudes such as Canada and
Scandinavia, but they are also effective on broadleaved
species such as silver birch (Betula pendula)(Luoranen and
Rikala 1997). It would be interesting to know if species
from middle latitudes would also respond to these treat-
ments. Blackout has been successfully used to induce dor-
mancy and hardiness in a forest nursery at approximately
40 latitude (Jopson 2007).

While blackout is very effective in terminating shoot
growth and inducing budset, the timing and duration
of the treatments must be coordinated with outplant-
ing windows. Several early studies showed that blackout
treatments in the fall resulted in early or irregular bud-
break the following spring (van Steenis 1992). Similarly,
Norway spruce seedlings outplanted in the fall showed



Forest Nursery Notes

& 1004 O —O—0
= ,'
2 80+ '
o I
£ '
= 60
L '
kel 1
A A
2 40 ! |-+ - Control: 18°C
T ! |—o— sp:22'C
£ 201 ! |—o— sD:18°C
£ 1 | —v— sD:14°C
Q0 Tmmhent SD Duration
) I ) L) 1 1
321 B
E 30
S 26- i
L 24- L
T 204 g
8 1g-
()]
16'r1
L) T T T ) )
0 14 28 42 56 70 84
Number of days from start of the experiment
(Jul 10) (Aug 7) (Sep 4) (Oct 2)

Figure 7 - Shortening photoperiod with blackout curtains, also
known as short-day (SD) treatments, has proven remarkably ef-
fective in stopping height growth (A) and inducing budset (B) in
conifer seedlings from high latitudes (modified from Floistad and
Granhus 2010).

an increased risk of a second flush after an early-season
blackout treatment (Kohmann and Johnsen 2007). In
another study, seedlings that were given blackout followed
by cold acclimation showed decreased frost hardiness

in their lateral meristems the following spring (Floistad
and Granhus 2010). Several recent research studies have
examined the relationship between blackout treatments
and premature budbreak after outplanting (for example,
Luoranen and others 2009).

5. Practical Applications Regard-
ing Hardiness and Dormancy

So, as you can see, the hardening phase is critical to pro-
ducing quality nursery stock that will survive and thrive
after outplanting. Here are some ways that you can apply
this new information in your nursery:

11
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5.1 Scheduling the hardening phase

One of the most serious mistakes that novice nursery
managers make is not to allow enough time to harden
stock properly. Hardening takes a minimum of 6 to 8
weeks, but the duration will depend on the timing of the
outplanting window:

Summer outplanting (“hot planting”): 2 to 3 weeks.
These plants will be taken from the nursery before they
have had the opportunity to full harden, and ambient tem-
peratures are not low enough to be much help. Still, they
should still receive several weeks of conditioning, includ-
ing a mild moisture stress. Shortening of the photoperiod
by blackout or short-day treatment for 2 to 3 weeks in mid
to late summer is a common measure in forest nurseries
to promote growth cessation and increase frost hardiness
(Figure 7).

Fall outplanting: 3 to 6 weeks. Although they will not
achieve full hardiness and dormancy, nursery stock to be
outplanted in the fall must still be properly conditioned.
Growers should reduce fertilization and restrict irrigation
to induce periods of mild moisture stress. Again, blackout
or short-day treatments for 2 to 3 weeks have shown to be
effective. A new option, as discussed below, is to place the
stock under refrigeration at cool, but not cold tempera-
tures.

Overwinter storage with winter or spring outplanting:
6 to 10 weeks. This is the full hardening approach and
adequate time should be scheduled to do the job properly.
Apply all four cultural treatments: low nitrogen fertiliza-
tion; periods of mild moisture stress; exposure to ambient
temperatures, especially at night; and apply blackout if
possible.

5.2 Protecting crops against fall frost injury

One of the best uses of the hardening phase is to start pre-
paring your plants to tolerate early fall frosts. Frost dam-
age to crops can be significant; for example, annual culling
due to frost damage ranged from 5% to 30% in Quebec
(Carles and others 2012). Irrigation is the most common
method of protecting both bareroot and container nursery
stock from frost injury. Heat is released when ice forms
around shoot tissue but irrigation must continue until the
risk of frost has passed (Rose and Haase 1996).

So, it would be helpful to have a reliable method to de-
termine the cold hardiness of your plants so you could
protect them if necessary. First of all, growers should
check their weather records for the dates of the first
frost and schedule the start of the hardening phase ac-
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cordingly. Trying to force extra shoot growth into the fall
to make grading specifications is a recipe for disaster. We
know that plants become more cold hardy as they become
more dormant and are exposed to cooler temperatures,

so a measure of the amount of time that your plants are
exposed to cool temperatures should be useful. Several
methods of measuring accumulated exposure to cold
have been used, such as chilling hours or degree harden-
ing days. The process involves measuring the temperature
each day and calculating the amount of time below a
specific reference temperature. A method sometimes used
in forest and conservation nurseries is to simply count the
number of hours during which the air temperature is at or
below a threshold value, such as 41 °F (5 °C) (Ritchie and
others 1985). In Québec, bareroot white spruce seedlings
are deemed ready for cold storage when the chilling sum
that is based on the time below 41°F (5 °C) reaches 200
hours (Carles and other 2012). Reference temperatures
will vary with nursery location and species; for example,
46 °F (8 °C) has been used for southern pines (Grossnicle
2008). The latest research combines hardening degree
days below a threshold value of 58 °F (14.5 °C) measured
6.5 feet (2 m) above the crop with a measurement of the
ratio of dry mass to fresh mass (DM/FM) of the upper

2 inches (4 cm) of the terminal shoot (Carles and other
2012). Considering the amount of variation in cold toler-
ance between species and ecotypes, each nursery should
develop their own chilling sum procedure based on actual
cold hardiness tests.

5.3 Determining lifting windows
and storability

Another practical application of hardening and dormancy
treatments is to establish the best time to harvest your
plants, which is commonly known as the “lifting window”.
This traditional concept was developed by harvesting and
outplanting seedlings from late fall through early spring
and measuring survival and growth (Jenkinson and others
1993). With the advent of seedling quality testing, bud
dormancy and cold hardiness testing have been used to
determine best time to harvest your crops and establish
that they are ready for refrigerated storage. The standard
test for measuring bud dormancy is a long and involved
procedure compared to much easier and faster cold
hardiness test (Landis and others 2010). This information
shows that lifting in the late fall or early winter is preferen-
tial to waiting until late winter or early spring, especially
when the plants are freezer stored (Figure 8). For example,
recent research has shown that Norway spruce seedlings
harvested in autumn can safely be freezer-stored for eight
to nine months (Luoranen and others 2012).
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Figure 8 - Bud dormancy, as measured as days to bud break
(DBB), and hardiness, as measured by cold hardiness tests,
can be used to determine the best time to harvest nursery stock
(the “lifting window”). However, cold hardiness tests are so
much quicker and easier that they have become the standard
test for determining lifting and subsequent refrigerated storage
(modified from Landis and others 2010).

Container nurseries in western Canada use a “storability
test” to determine if plants are physiologically ready for
harvesting, packaging, and cold storage (CHirondelle and
others 2006). Sample seedlings undergo cold hardiness
tests and, if plants are cold hardy to a threshold tempera-
ture of 0 °F (~18 °C), then they are ready to withstand the
stresses of storage. A similar storability test based on a
freeze-induced electrolyte leakage threshold of -4 °F (20
°C) was determined to be effective for assessing storability
of pedunculate oak (Quercus robur) bareroot seedlings in
Denmark (Bronum 2004). Of course, these temperature
thresholds would have to be determined for different spe-
cies in different climates.
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Figure 9 - Research has shown that the chilling requirement
is best satisfied with temperatures above freezing, so placing
container stock in refrigerated storage at 37 to 41 °F (3 to 5
°C) should augment chilling sums (modified from Landis and
others 2020).
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One interesting new aspect of chilling sums involves plac-
ing container stock in cooler storage to artificially aug-
ment their exposure to cold temperatures. 'm not aware of
any published research or operational trials but this proce-
dure should work. We know that the chilling requirement
is best satisfied from 37 to 41 °F (3 to 5 °C) so an exposure
period to these temperatures should be effective (Figure
9). The idea that refrigerated storage could substitute

for exposure to cold temperatures was first proposed for
Douglas-fir (Ritchie 1989) and elaborated in the Assessing
Plant Quality chapter of Volume Seven of the Container
Tree Nursery Manual (Landis and others 2020).
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Phytophthora ramorum: Impacts on Forest,
Conservation and Native Plant Nurseries

by Thomas D. Landis

This article was written with the help of many experts
who were gracious enough to share their knowledge
and experience: Gary Chastagner and Marianne Elliott,
Washington State University; Susan Frankel and Ellen
Goheen, USDA Forest Service; Prakash Hebbar, USDA,
APHIS; Jennifer Parke, Oregon State University; and
Jane Alexander, University of California.

Phytophthora ramorum (PRAM) is a fungus-like
pathogen that, although it was originally identified on
ornamental plants in a German nursery (Werres and
others 2001), has become a destructive forest pest in the
coastal forests of California, Oregon and in other loca-
tions in Europe. Because more than 100 species of trees
and shrubs from 36 different families are susceptible
(Chastagner and others 2012), PRAM has the potential
to become the most serious forest pest since white pine
blister rust and chestnut blight. Disease symptoms

on nursery stock are relatively minor and, what’s most
worrisome, is that many infected plants show no visible
symptoms at all (Vercauteren and others 2013). Ge-
netic testing has proven that long-range spread can be

attributed to the shipping of infected nursery stock, and
that PRAM can then be transmitted from nurseries to
surrounding forests (Mascheretti and others 2008).

Although PRAM has not proven to be a disease with
severe symptoms in nurseries, it can still have serious
economic impacts due to plant quarantine regulations.
At one ornamental nursery in Southern California,
more than 1 million camellias worth $9 million had to
be destroyed because of a PRAM infestation (Alexan-
der 2006). PRAM has only been positively identified
on ornamental nursery stock as of the current date, but
it is only a matter of time until infections are discov-
ered on forest, conservation and native plant species.
Because they ship their plants directly into forests and
other natural settings, forest and native plant nurseries
represent a serious transmission threat. Unfortunately,
this has already happened in the United Kingdom
where nursery stock has been show to be the cause of
a devastating forest disease outbreak in Japanese larch
(Larix kaempferi) plantation where 3 million trees have
been killed (Brasier 2012).

PRAM detected
de.::tﬁ:;t' in waterways in
8; f € lt" WA state and
ores SE US
]

EU1 discovered CA Nursery \!VA Nursery
- : ships potential
in Germany on shipments move PRAM blants
Rhododendron NA1 West to East to EI; st

NAT1 likely
introduced to

Tanoak mortality
& bleeding
cankers observed

Formal species
description of

Figure 1 - Phytophthora ramorum (PRAM) is a new and aggressive pest that affects plants in nurseries, but is much more
destructive in plantations and natural forests. So far, 3 clones (EU1, NA1, NA2) have been identified (modified from Grunwald 2011).
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1. A New and Complicated Pest

Phytophthora species resemble true fungi because

they grow by hyphae and produce spores, but they are
actually more closely related to brown algae. Disease
symptoms caused by Phytophthoras include blights,
cankers, dieback, wilts, root rots, and decline. To make
diagnosis even more challenging, some species cause
multiple symptoms on a single host, or different symp-
toms on different hosts (Forest Phythophthoras of the
World 2012). In nurseries, Phytophthora root rot has
been a serious but well known nursery pest for decades,
where the most common symptoms were root decay
and lower stem canker (Cram and Hansen 2012).

What makes PRAM unusual and interesting is that
nobody is exactly sure where it originally came from.
Although PRAM has been identified only in North
America and Europe, it is not considered to be native to
either of these continents (Grunwald 2011). PRAM was
first detected on ornamental nursery stock in Europe in
the early 1990s (Figure 1). The first evidence that this
pathogen had reached the US was the sudden oak death
(SOD) epidemic in the coastal forests of northern Cali-
fornia and southern Oregon where trees with bleeding
stem cankers were dying at an alarming rate (Goheen
and others 2006). The first detection of PRAM in a US
nursery was on ornamental rhododendron container
plants in Santa Cruz, California in December, 2000
(Alexander 2006). Based on microsatellite laboratory
analysis, researchers determined that PRAM made its
first appearance in California forests at 2 separate sites
in northern California. Because the genetics of the for-
est strains were identical to those from local nurseries,
this is strong evidence that PRAM entered California
via the nursery trade (Mascheretti and others 2008).

Another unusual aspect of PRAM is its genetic makeup.
Phytophthora genetics are discussed in terms of “clades’,
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which are a group of organisms with similar features
that are derived from a common ancestor. As of 2011,
researchers had identified 3 clades for PRAM that were
named for where they were first identified (Grunwald
2011). The European clade (EU1) was first identified
on ornamental nursery plants in the early 1990s but
has since been found on ornamental plantings and in the
forest (Table 1). The first North American clade (NA1)
was responsible for the SOD epidemic that was identi-
fied in the mid 1990s in northern California, and was
subsequently confirmed in ornamental nurseries in the
area. The NA2 clade was first identified on nursery stock
in Washington State (Chastagner 2013) where, by 2005,
the NA1 and EU1 clades were also discovered (Figure 1).
Just last year, a fourth, genetically distinct clade of PRAM
(EU2) was identified as the cause of an epidemic stem
canker disease of Japanese larch in the United Kingdom
(Brasier 2012). The European clades are of mating type
Al and the North American clades of type A2. The fact
that PRAM clades of both mating types were identified
in Washington State gives cause for concern but, so far,
no evidence of mating has been discovered although it
has been accomplished in the laboratory (Garbelotto and
others 2006).

2. Symptoms

The symptoms of PRAM vary considerably in both type
and intensity between different plant species and be-
tween plants in nurseries and forests; as we will discuss,
this latter fact is a major concern.

2.1 Forests

Sudden oak death (SOD) is the most common disease
caused by PRAM in the US, but it only affects woody
plants in forests (Table 2). An unusual die-off of tanoaks
(Lithocarpus densiflorus) in Marin County, California
in early 1995 was the first evidence of SOD and the

Table 1 - Genetic clades and mating types of Phytophthora ramorum

Clade Year Discovered Distribution Habitat Mating
NAI Early 1990s North America Forest, nurseries A2
NA2 Farly 2000s g%sﬁtiiitglsﬁ;fahf"rnia Nurseries A2
EUI1 Early 1990s Europe & North America Oifsfsi’tgf ;ls:rrlﬁrsl’gs Al
EU2 2011 United Kingdown Forests Al
Modified from Grunwald (2011); Brasier (2012)
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Table 2 - Three diseases caused by the fungus-like pest Phytophthora ramorum (PRAM)

Disease Symptoms Host Examples Forest Problem | Nursery Problem
Sudden oak death | Bleeding stem cankers,
(SOD) tree death Oaks, tanoak, larch YES NO
PRAM shoot blight Shoot tip dieback Redwood, D(;:glgsr_ﬁr’ white fir, YES YES
PRAM leaf blights Spots and necrosis on Rhod.odendron, viburnum, YES YES
leaf edges & tips camellia, Oregon myrtlewood
Modified from Goheen and others (2006); Chastagner and others (2012)

symptoms consisted of scattered patches of dying trees
with their entire crowns dead due to bleeding basal
cankers. A couple of years later, other trees including
coast live oaks (Quercus agrifolia) exhibited similar
symptoms. The rapid spread of the disease in an urban-
wildland interface in a highly populated area caused
public concern, and all the dead trees caused a severe
fire hazard. New PRAM hosts included California

bay laurel (Umbellularia californica) and coastal red-
wood (Sequoia sempervirens) and by 2009 the host list
included 109 plant species (Kliejunas 2010). Even more
concerning was that PRAM was discovered in remote
locations in the coastal forests of southwestern Oregon
in 2001 (Goheen and others 2006).

2.2 Nurseries

Disease symptoms on nursery stock are much less
severe than those of SOD, and generally consist of
leaf and shoot blights (Chastagner and others 2012).

A Genera of Nursery Plants Most Commonly
Confirmed with Phytophthora ramorum
50
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In addition, host species are noticeably different in
nurseries compared to forests (Table 2; Figure 2).
Although ornamental cultivars of Rhododendron,
Camellia, Viburnum, Pieris, and Kalmia are most com-
monly infected, most of these genera have native species
somewhere in the US. Even more worrisome is that

the “Others” category in Figure 2A contains Aesculus,
Pseudotsuga, Acer, and Quercus. As far as I've been able
to find out, no plants in forest, conservation, or native
plant nurseries have been positively identified for PRAM
as of the present date but Douglas-fir and true fir Christ-
mas trees have been infected (Figure 2B). Considering the
rapid spread of this pathogen so far and the extensive host
list, all nursery workers should be vigilant and employ the
latest phytosanitary procedures.

Figure 2 - Most of the nursery plants commonly infected with Phytophthora ramorum are not produced by forest and native
plant nurseries (A). However, many woody natives have been shown to be susceptible, and infections of native Christmas trees
has been documented (B) (A, from USDA - APHIS 2011; B, from Chastagner 2013 ).



Forest Nursery Notes

3. Disease Spread

Phytophthora ramorum has proven to be an aggressive
pathogen both in the nursery and in the natural stands.
One of their unusual but operationally relevant char-
acteristics is that all Phytophthoras produce zoospores
which are able to swim in water (Figure 3A). PRAM also
produces two other types of spores (Forest Phytophthoras
of the World 2012). Chlamydospores are asexual struc-
tures that form in organic matter such as leaves and func-
tion as resting spores that allow the pathogen to survive
periods of stress (Figure 3B). Oospores are sexual spores
produced by the pairing of 2 opposite mating types (A1l
& A2 in Figure 3C), but oospore formation has not been
observed in nurseries where both mating types have been
detected (Grunwald and others 2008). This is lucky be-
cause sexual recombination would create new challenges
for controlling these pathogens.

PRAM can be spread from nursery to nursery and
within nurseries in 2 different ways: on plant material or
in water.

3.1 Plant material

Up until now, PRAM has spread both from nursery to
nursery and from nursery to forest on infected nursery
stock. This has occurred because plants infected with
PRAM may or may not show visible symptoms; these

Phytophthora Life Cycle and Spore Types
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Figure 3 - Phytophthoras produce 3 types of spores: motile zoo-
spores, which can actively disperse in water (A), chlamydo-
spores (B), which can survive long periods in plant tissue or
even organic matter, and thick walled oospores (C) that are
sexually produced by the combination of the two mating types
(modified from Phythophthoras of the World 2012).
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latent infections have been shown to be responsible
for long distance spread of this pathogen (Mascheretti
and others 2008). PRAM could be transmitted be-
tween nurseries on transplants or cuttings and, because
the pathogen can subsist in soil or growing media

as chlamydospores (Figure 4A), could be spread on
contaminated containers or even equipment. As of the
present time, PRAM has not been positively identified
on forest, conservation, or native plant nursery stock
but, because so many plant species are susceptible, it’s
probably only a matter of time.

3.2 Water

Due to the ease with which the zoospores can move in
water, this pathogen can easily move from plant to plant
whenever free water is allowed to persist (Elliott 2012).

In nurseries, this would account for most short distance
spread. In research trials with container-grown Rhodo-
dendron, aerial dispersal of PRAM was minimal whereas
spread in surface water between containers could occur
over several meters (Huengens and others 2010). Another
worrisome fact about PRAM is that the pathogen is able
to escape nurseries in surface runoff water, presumably as

Figure 4 - Phytophthora ramorum is spread between nurseries
and from nurseries to forests in two ways: 1) On nursery stock as
latent infections or chlamydospores in organic matter (A), or 2)
In nursery runoff; for example, this pathogen has been detected
in waterways around nurseries in 8 states (B) (A from Elliott
2012, and B from Chastagner and others 2010).
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Table 3 - Persistence of Phytophthora ramorum in waterways in Washington State (modified from Chastagner 2013)

County Waterway Year Detected
2006 2007 2008 2009 2010 2011 2012
King Sammamish River X X X X X
Ditch by Nursery 34 X X X X
Little Bear Creek X X
Woodin Creek X X X
Cottage Lake Creek X
Pierce Rosedale Stream X X X X X X
Ditch by Nursery 45 X X X
Thurston | Ditch by Nursery 41 X X
Lewis Mill Creek X X
Clark Ditch by Nursery 44 X X

zoospores, and then persist in ditches and other water-
ways, presumably as chlamydospores. As part of a joint
project between the USDA-Forest Service and USDA-
APHIS, a stream baiting survey has been underway since
2006 and PRAM has been detected in waterways in 8
states (Figure 4B). Washington State has done an inten-
sive monitoring survey to document where PRAM has
escaped nurseries to waterways (Chastagner and others
2010), and the results are troubling. PRAM has been
detected in many water courses near nurseries and has
proven to be very resilient (Table 3). As part of these
water surveys, PRAM was detected on salal (Gaultheria
shallon), a native forest understory plant. This is the
first documented case of this pathogen escaping from
an infested nursery through runoff and being spread to
the surrounding forest (COMTF 2009).
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4. Diagnosing Phytophthora
ramorum in the Nursery

Many nursery diseases can be diagnosed by their
unique signs and symptoms but this is not the case with
PRAM. Signs and symptoms are extremely variable
between hosts and are impossible to distinguish from
other plant pathogens (including other Phytophthora
species), insect damage or abiotic injury (Kliejunas
2010). The presence of the pathogen can only be con-
firmed through laboratory culturing on artificial media,
or by molecular tests (Figure 5).

4.1 Culturing on selective media

PRAM can be isolated on selective artificial media and
its identity confirmed by its unique morphological
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Figure 5 — Phytophthora ramorum infections can be diag-
nosed by 3 different techniques (modified from Vercauteren
and others 2013)

characteristics. However, culturing from symptomatic
plant material is time consuming and success may
vary with the host plant. Differentiating PRAM from
other Phytophthora species can sometimes be difficult
(Kliejunas 2010).

4.2 Serological tests

The enzyme-linked immunosorbent assay (ELISA) test
that uses antibodies and color change to identify a sub-
stance. An ELISA test that is specific to PRAM is not yet
available, due to cross reaction with other Phytophthora
and Pythium spp. (Avila and others 2010). If a large num-
ber of samples are to be processed for PRAM, ELISA can
be used as a low-cost, prescreening to reduce the number
of samples that will need to be processed for subsequent
tests (Kliejunas 2010).

4.3 Molecular tests

Several different DNA-based molecular techniques
have been used to diagnose PRAM infections, and are
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new variations are continually being developed (Klieju-
nas 2010). Both real-time and nested polymerase chain
reaction (PCR) based molecular diagnostic assays have
proven useful for detecting PRAM from leaf baits, and
greatly reduce the turnaround time (Colburn and Jef-
fers 2011).

When the various diagnostic techniques were tested on
camellia (Camellia spp.) plants at a California nursery,
all the procedures were highly correlated with disease
symptoms. The PCR test had the correlation, followed
by ELISA, and finally culturing on selective media (Bul-
luck and others 2006).

The diagnostic protocols approved by the USDA
APHIS-PPQ are explained in detail on their website:

http://www.aphis.usda.gov/plant_health/plant_pest_
info/pram/downloads/pdf_files/DiagnosticsTable.pdf

5. Assessing the Threat

So, for us, the important question is: How big a threat
is PRAM to forest and native plant nurseries? We don’t
have a ready answer, but looking back at past epidemics
gives cause for concern (Table 4). Chestnut blight and
white pine blister rust were devastating epidemics that
are still affecting our forests, but these fungal diseases
only affected one plant genus.

The host range for PRAM is currently at 36 plant
families so the threat is potentially much greater
(USDA-APHIS 2011). Pathologists consider PRAM as

a generalist pathogen whose hosts include hardwood
and conifer trees, shrubs, herbaceous plants, and ferns
(Kliejunas 2010). Some hosts are native plants from
forest environments but many of the most susceptible
species as common landscape and ornamental plants.
Five species of common shrubs comprise almost 95% of
the confirmed PRAM infections (Figure 2), and disease

Table 4 - Comparison between previous disease epidemics and Phytophthora ramorum

Name of Pest
Date Introduced into US Plant Hosts
Common name Scientific Name
Chestnut blight Cryphonectria parasitica Early 1900s 1 Genus: Castanea
White pine blister rust Cronartium ribicola Early 1900s 1 Genus: Pinus
Sudden oak death, Ramorum 36 Families
shoot or leaf blight Phytophthora ramorum Early 1990s (and counting)

20



Forest Nursery Notes

Table 5 - Annual detection of Phytophthora ramorum in
US nurseries

Year e P(.)sitive No. Of States
Detections

2001 1 1(CA)

2002 0 0

2003 20 3 (CA,OR, WA)

2004 176 21

2005 99 7

2006 62 11

2007 23

2008 28

2009 26 11

2010 34 13
2011 (through Sept) 25 5
Modified from Kliejunas (2010) and Alexander (2012)

surveys showed a large variation in disease incidence
among genera and specific cultivars within a genus
(Tubajika and others 2006).

The explosive potential of this pest can be seen in the
APHIS annual reports of the number of PRAM detec-
tions in US nurseries (Table 5). Since the initial detection
in central California, the disease spread relatively slowly
until 2004 when 2 large southern California ornamental
nurseries shipped millions of infected container plants to
other nurseries in 39 states (Frankel 2008). Inspections
later that year revealed 176 nursery-related detections

in 21 different states (Garbelotto and Rizzo 2005). Asa
result, the USDA Animal and Plant Health Inspection
Service (APHIS) issued an order to inspect 1,400
nurseries that ship host plants or associated plants in
California, Oregon, and Washington (Jones 2006).
Even more recently, a nursery in Washington State
shipped potentially infected Gaultheria procumbens
nursery plants to customers in 30 states (Chastagner
2013).

6. Quarantine Considerations

As we discussed, the transport of nursery stock has
been proven to be the primary means of long-distance
spread of PRAM, and is also implicated in how the
pathogen moves from the nursery to the forest. APHIS
has adopted an interim federal quarantine to prevent
the spread of PRAM to other parts of the U.S. Other
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states and countries such as Canada have also issued
quarantines. APHIS maintains a website that contains
the most current list of affected plant species (USDA-
APHIS 2013), and has identified 3 categories of suscep-
tibility to PRAM (Kliejunas 2010).

6.1 Regulated hosts

These are plants in which infections have been verified by
Koch’s postulates, which is the traditional test to confirm
the a pest is the cause of the disease. Examples include:
California maidenhair fern (Adiantum aleuticum),
manzanita (Arctostaphylos spp.), false Solomon’s seal
(Maianthemum racemosum), Douglas-fir (Pseudotsuga
menziesii), California black oak (Quercus kelloggii),
and evergreen huckleberry (Vaccinium ovatum).

6.2 Associated plants

In this case, the plants have been naturally infected
with PRAM and confirmed by culture or with PCR
tests, but the infections have not been confirmed
with Koch’s postulates. Examples include: white fir
(Abies concolor), vine maple (Acer circinatum), blue-
blossom (Ceanothus thyrsiflorus), California wood fern
(Dryopteris arguta), Oregon grape (Mahonia nervosa),
northern red oak (Quercus rubra), and Pacific yew
(Taxus brevifolia).

6.3 Experimental hosts

These plants have been infected with PRAM in labo-
ratory screening, but no actual infections have been
documented in nature.

The issue of quarantines is complicated and frequently
changing so check with your local forest pest experts or
go to the following websites:

For the latest national information on PRAM:
http://www.aphis.usda.gov/plant_health/plant_pest_
info/pram/

For the latest PRAM information in Oregon: http://
www.oregon.gov/ODA/CID/PLANT_HEALTH/Pages/
sod_index.aspx

For the latest PRAM information in California:
http://www.cdfa.ca.gov/plant/PE/interiorexclusion/
SuddenOakDeath/

For the latest PRAM information in Washington:
http://agr.wa.gov/plantsinsects/diseases/sod/
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7. Implications for Forest,
Conservation, and Native Plant
Nurseries

Nurseries in the quarantine areas of the western
states are already being impacted by PRAM, but all
nurseries and nursery customers have an obligation
to help stop this disease. Phytosanitation is the key
to controlling the spread of any nursery pest, and can
most simply be viewed as an input-output model.
The basic idea is to prevent pests from entering your
nursery as well as making certain that your plants are
not carrying pests when they leave your nursery for
sale or outplanting.

Two major approaches to phytosanitation can be
employed. The systems approach is based on a Hazard
Analysis of Critical Control Points and comprehensive
programs that have been developed for ornamental
nurseries can easily be modified for forest, conserva-
tion and native plant facilities (Parke and Grunwald
2012). A second approach based on target pests
might be easier for smaller nurseries with limited
funds and manpower. Here, the idea is to learn as
much as possible about pests that are already found
in your nursery or ones, like PRAM, that could
threaten it. The following is a brief example of the
target pest approach to phytosanitation.

7.1 Type of pest

PRAM a fungus-like pathogen that produces relatively
minor symptoms in nursery stock, but research has
shown that it can persist on plant material or even
organic matter.

7.2 Method of spread

This pest produces 3 types of spores: motile zoospores,
which can actively disperse in water; chlamydospores,
which can survive long periods in plant tissue or even
organic matter (Figure 4a); and thick walled oospores
that are sexually produced by the combination of 2
mating types (Chastagner and others 2012).

7.3 Critical control points

Due to its many spore types, PRAM has multiple
modes of transmission. It is most commonly spread
through any type of plant material shared between
nurseries including cuttings and transplants. Seed
transmission has not been proven so far. Zoospores
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can spread through any form of water such as rain
splash and surface runoft, and has been shown to
persist in waterways around nurseries (Chastagner and
others 2012).

By focusing on the type of pest and its methods of
spread, nurseries can adapt their scouting and cultural
practices to minimize adverse affects. Because their
stock is outplanting directly into forests and other wild-
land plant communities, nursery managers should be
especially vigilant to make sure that PRAM isn't spread
to or from their operation.
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Forest Nursery Pests: Damping-off

by Thomas D. Landis

Damping-off is a historical term that refers to the
decay of germinating seeds and the stems of young
seedlings (Figure 1A). It is also one of the oldest
nursery problems—damping-off is the only disease
discussed in detail in the classic nursery manual
Nursery Practice on the National Forests (Tillotson
1917). Damping-oft was considered “the most serious
difficulty encountered in raising coniferous seedlings”,
and was the subject of one of the first comprehensive
nursery pathology studies (Hartley and Pierce 1917).

s e

Figure 1 - The classic symptoms of damping-off include seed-
lings that topple over before their stems can become lignified;
in this case, caused by heat injury (A). This disease was the
major cause of seedling mortality in early nurseries, and re-
search showed that lowering soil pH with direct applications
of sulfuric acid was effective (B). (A - modified from Levitt
1980).
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This early research revealed that lowering the pH of
nursery soils helped to reduce damping-oft losses,
which at that time involved applying sulfuric acid
directly to the seedbeds—a technique that would be
frowned-upon today (Figure 1B).

1. Diagnosis and Damage

Two different types of damping-oft are recognized (Fig-
ure 2), and these diseases affect plants in both bareroot
and container nurseries:

1.1 Pre-emergence damping-off

This disease affects seeds and germinants before they
emerge. Pre-emergence damping-off is a difficult
disease to diagnose because the affected seeds are not
visible; consequently, the losses are often attributed to
“poor seed” (Baker 1957). If the germinants have not
emerged after a reasonable period, the seed should

be excavated and examined; if the seed contents are
decayed, then damping-off fungi may be involved (A in
Figure 2). Sometimes, germinating seeds are killed after
the radicle has emerged (Figure 3A).

1.2 Post-emergence damping-off

This affects young seedlings until their stems become
woody. The classic symptoms of post-emergence damp-
ing-off (B in Figure 2) include decay of the seedling hy-
pocotyl at the ground line, causing the seedling to topple
over (Figure 3B). Post-emergence damping-off symptoms
can differ between different types of seedlings. With
broadleaved species, the disease is expressed as necrotic
areas at or below the groundline; infected seedlings wilt
and die, but they often remain upright or break off just
above the groundline. The symptoms of post-emergence
damping-oft of conifer seedlings occur at or slightly
below the groundline and result in water-soaked, brown-
ish or blackish lesions that rapidly become sunken or
constricted. The specific pathogen causing damping-oft
cannot be determined on the basis of symptoms. Identi-
fication usually requires infected tissue culturing, which
is important because knowledge of the specific pathogen
may be useful in developing controls (James 2012a).

Other stresses such as heat or chemicals can produce
damping-off symptoms; for instance, the surfaces of
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Able to locate seed

Not able to locate seed but it has not germinated

No seed or seed
parts can be found

Seed contents Normal

- Seed dormancy

Sowing problem problem

Seed covering disturbed
L and empty seed coats
may be present

Seed contents decayed

A. Pre-emergence

Bird or rodent damage damping-off

Figure 3 - In pre-emergence damping-off, germinating seeds
are killed during germination—in this case by the fungus
Fusarium spp. (A). In post-emergence damping-off, decay of
the stems of young seedlings causes them to topple over (B).
Cotyledon blight of conifer seedlings occurs when a seedborne
fungus spreads to the needle tips (C) (all photos from Landis
and others 1990a).

Seedling has emerged

Seedling falls over
due to stem injury
at ground line

Figure 2 - Damping-off is a disease of
germinating seeds (Pre-emergence - A)

|| B. Post-emergence

|| C.Heat or chemical

and young seedlings (Post-emergence
- B), which also includes cotyledon
blight. Although usually caused by
fungi or oompycetes, stresses such as
high surface soil temperatures can
also cause damping-off symptoms (C)
(modified from Landis and others
1990a).

Radicle decayed

damping-off

Radicle not decayed

damping-off

dark soils or mulches can become so hot that they kill
seedling stem tissue (Figure 1A; C in Figure 2). The
distinguishing characteristic between biotic and abiotic
damping-off is the presence of decayed root tissue
(Landis and others 1990a).

Another germinant disease that is usually classed with
post-emergence damping-off is cotyledon blight. This de-
cay of the tips of the cotyledons develops when seedborne
fungi spread from the seedcoat during the “birdcage”
stage of conifer seedling emergence (Figure 3C).

2. Hosts and Distribution

Damping-off is the most cosmopolitan nursery disease,
and affects a wide variety of forest, conservation, and
native plants from around the world (Table 1). Nursery
stock in both tropical and temperate areas are susceptible.
Most conifer and hardwood plant species are susceptible
to damping-off, although some plants including junipers
are not affected (James 2012a).
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3. Causal Agents

Fungi (Fusarium, Rhizoctonia) and Oomycetes (Phy-
tophthora, Pythium) are the most common causes of
damping-off (James 2012a). However, fungi from
several other genera including Colletotrichum, Alternaria,
Cylindrocladium, and Cylindrocarpon have also been
implicated (Table 1). Traditionally, Rhizoctonia spp. has
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been considered to be the major cause of damping-
off in ornamental nurseries (Baker 1957) and is also

Table 1 - Damping-off is a cosmopolitan disease affecting plants from around the world

been found causing disease of tree seedlings in foreign
countries. Why it is not more commonly isolated in
the US is interesting; it could be that its presence is
masked by more rapidly growing fungi such as Fusar-
ium spp. (Peterson 1974). The most recent literature
(James 2012a) lists the most common damping-off

Pathogen

Host

County

Source

Fusarium spp.

Pinus nigra

Spain

Martin-Pinto & others (2008)

Colletotrichum acutatum, Fusarium oxysporum

Cornus florida

USA: Georgia

Britton (1995)

Fusarium oxysporum, Pythium spp.,

silbirica

Rhizoctonia solani Pinus nigra France Camporota & Perrin (1994)
2::;:Cczzz;ez)t;;zfusarium Spp- Pythitim spp. Eucalyptus spp. China Dequn & Sutherland (1994)
Rhizoctonia solani Caragana arborescens | Canada Vaartaja & Cram (1956)
Cylindrocladium scoparium, Rhizoctonia solani | Eucalyptus spp. Brazil Ferreira & others (1997)
Rhizoctonia spp., Pythium spp. Picea smithiana India Singh & others (1992)
Rhizoctonia spp. Pinus palustris USA: Florida | Starkey & Enebak (2012)
Fusarium spp. Pinus sylvestris Finland Lilja & others (1992)
Fusarium spp., Pythium spp., Thanatephorus spp. Euc-aly phus sp P- Pinus Zimbabwe Mazodze (1994)

caribaea, Acacia spp.
Phoma herbarum, Phomopsis occulta Larix decidua France Motta & Perrin (1994)
Fusarium spp., Phytophthora spp., Rhizopus spp. | Santalum album India Remadevi & others (2005)
Colletotrichum dematium Fagus crenata Japan Sahashi & others (1995)
Fusarium spp. Pseudotsuga menziesii | USA: Idaho | James (1987)
Phytophthora spp. Fagus sylvatica Poland Stepniewska (2005)
Cylindrocarpon destructans Pinus sylvestris Sweden Unestam & others (1989)
Cylindrocladium scoparium Pinus resinosa Canada Yang & others (1995)
Fusarium spp., Pythium spp., Rhizoctonia spp. | Acacia mangium Phillipines Zethner & others (1997)
Fusarium spp., Alternaria spp., Pythium spp. Pinus sylvestris, Larix Russia Gromovykh & others (1997)
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D = Critical Control Points

pathogens as Fusarium spp., Rhizoctonia spp., Phytoph-
thora spp., and Pythium spp.

Post-emergence damping-off has also been caused
by abiotic stresses that damage the succulent stems
of young seedlings. Heat injury was shown to cause
cankers on the stems of young pine seedlings, which
produced damping-off symptoms (Figure 1A).

4. Disease Management

Damping-off is a disease that can be easily contained
by good phytosanitary practices because the spores
of the pathogens are spread by water, soil, or growing
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Figure 4 - The Target Pest approach to phytosanitation in-
volves analyzing each step in a nursery operation and iden-
tifying critical control points where pests can enter your
nursery. This flow chart (A) shows the critical control points
where damping-off pathogens can enter a container sowing
operation, and where control treatments can be applied. For
example, Fusarium fungal spores can be carried on seedcoats
(B), but can be eliminated by a running water rinse or quick
soak in a dilute (1 bleach:10 water) bleach solution (C).

media rather than through the air. Using the Target
Pest approach to phytosanitation (Figure 4), an effective
process involves confirming the pest, learning how it
spreads, and then identifying critical control points.

4.1 Type of pest and method of spread

Several genera of fungi (Fusarium, Rhizoctonia) and
Oomycetes (Pythium, Phytophthora) are the most com-
mon culprits, but other fungi can also be involved
(Table 1). If general controls aren’t effective, then con-
firmation of the causal agent by culturing on artificial
media will be necessary (James 2012a). The mode of
transmission is very different for each pest, although
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spread in infected soil or growing medium is common
to all species:

Fusarium spp. Spores are spread by contaminated
seeds, in soil or growing media, and on used contain-
ers. The role of seed transmission can readily be seen
by cotyledon blight (Figure 3C). Although airborne
spores are produced, they are mainly responsible for
secondary spread. Thick-walled chlamydospores help
the fungus overwinter in plant debris and sclerotia are
also produced (James 2012b).

Rhizoctonia spp. This fungus can be transmitted on
seeds or by airborne spores, but spread by infected soil is
by far the most common because the fungus overwinters
in soil as sclerotia (Starkey and Eneback 2012).

Pythium spp. and Phytophthora spp. These oomycetes
are unique in producing zoospores which can swim in
water, and both overwinter in soils or plant debris as

as thick-walled oospores or chlamydospores (Weiland
2012a). Neither of these pathogens produces airborne
spores, although spores can spread through water
splash.

4.2 Critical control points for damping-off

Preventing the pathogens from entering your nursery is
the best control but that is not always possible, espe-
cially in bareroot nurseries where all of the damping-
off pathogens can persist in the soil. From a disease
prevention standpoint, container nurseries are easier
because containers, benches and other surfaces can be
sterilized between crops (Landis and others 1990a).

Seeds. Of the primary damping-off pathogens, Fusari-
um spp. and Rhizoctonia spp. have proven to be carried
on seeds (Figure 4B). Other less aggressive fungi, such
as Rhizopus spp., can become problematic with some
species (Table 1). Cleansing seedcoats with a running
water rinse or sterilizing them with a dilute (1:10) solu-
tion of Chlorox (Figure 4C) or hydrogen peroxide prior
to sowing eliminates this potential source of inoculum
(Fraedrich and Cram 2012).

Soil or Growing Media. All damping-off pathogens

are common soil inhabitants and so can easily holdover
between crops, or they can form resting spores that can
persist in plant debris for months or even years. There-
fore, in bareroot nurseries, a good management strategy
would be to try to sterilize soils before sowing and then
use good cultural practices to keep populations low.
Seedbed mulches reduce soil splash, which is one major
way that Rhizoctonia is spread in bareroot nurseries
(Starkey and Eneback 2012).
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In container nurseries, most growing medium compo-
nents including vermiculite and perlite are inherently
sterile and the low pH of Sphagnum peat moss is
inhibitory to damping-oft pathogens (Landis and oth-
ers 1990b). Bark and composts are more variable so it
might be advisable to have them tested.

Irrigation or rain water. Due to their motile zoospores,
Pythium and Phytophthora are most commonly spread
by water. Apple or pear baits can be used to test ir-
rigation water sources for Oomycetes and, if they are
confirmed, then water treatment can be implemented.
Keeping containers on raised benches prevents contact
with surface water or runoff, which can be contami-
nated. In bareroot nurseries, selecting coarser-textured,
well-drained soils for seedbeds is recommended as well
as using raised beds to prevent standing water around
seedlings (Weiland 2012b).

5. The Role of Environment

Most of the organisms causing damping-oft are op-
portunistic pathogens, so disease can be lessened or
even prevented by proper cultural procedures (Table
2). For example, just keeping the pH or soils or grow-
ing medium low has been an effective for preventing
damping-off for more than a century (Figure 1B & 5).
Likewise, keeping soils or growing media “moist, but
not wet” discourages damping-off. A good discussion
on which cultural practices will prevent damping-oft
can be found in James (2012a).

Figure 5 - Many of the pests causing damping-off are consid-
ered weak or opportunistic pathogens, which are aided by
favorable environmental factors such as soils that have a high
PH or don’t drain well (modified from Landis 2000).
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Table 2 - Environmental conditions and cultural practices affecting damping-off in forest, conservation and native plant nurseries

(modified from Landis and others 1990a).

Environmental condition

Effect on damping-off

or cultural practice

Encouraging

Discouraging

Seed quality

Dirty or contaminated;
slow, weak germinants

Clean and sterile; rapid germination
and emergence

Soil or growing medium

Contaminated, fine-textured
over-compacted, Alkaline:
high pH (>6.5)

Pest-free, mixture of particle sizes,
good porosity,
Acidic: low pH (4.5-6.0)

Growing density

High (oversowing)

Low

Nutrition

Excessive fertilization,
especially high nitrogen

Well-balanced fertilization especially
phosphorus, potassium, and calcium

Irrigation

Frequent, heavy applications

Frequent, light applications:
“Moist, but not wet”

Growing environment

High humidity, low light,
extreme temperatures

Moderate humidity, adequate light,
ideal temperatures
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70. © Viability of blackbrush seed (Coleogyne ramo-
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Fertilization
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75. © Effects of fertilizer placement on trace gas
emissions from nursery container production.
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91. © Do eucalypt plantations provide habitat for na-
tive forest biodiversity? Calvino-Cancela, M., Rubido-
Bara, M., and van Etten, E. J. B. Forest Ecology and
Management 270:153-162. 2012.

92. Forestry and tree planting in New York State.
Verschoor, K. and Van Duyne, G. Tree Planters’ Notes
55(2):4-13. 2012.

93. Forestry and tree planting in Virginia. Garrison,
C. E. Tree Planters’ Notes 55(2):24-33. 2012.

94. Laws affecting reforestation on USDA Forest
Service lands. Watrud, E., Zensen, F, and Darbyshire,
R. Tree Planters’ Notes 55(2):39-42. 2012.

95. Nebraska: the tree planters’ state. Evans, N. and
Erdkamp, B. Tree Planters’ Notes 55(2):14-23. 2012.

96. © Reforestation strategies amid social instability:
lessons from Afghanistan. Groninger, ]. W. Environ-
mental Management 49:833-845. 2012.

97. © Restoring forests: advances in techniques
and theory. Oliet, J. A. and Jacobs, D. F. New Forests
43:535-541. 2012.

98. Selection and production of Mexico oaks. Creech,
D. International Plant Propagators’ Society, combined
proceedings 2011, 61:436-441. 2012.
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99. © Assessment of genetic diversity in two-species
oak seed stands and their progeny populations. Der-
ing, M. and Chybicki, I. Scandinavian Journal of Forest
Research 27:2-9. 2012.

100. © Assisted migration: introduction to a multifac-
eted concept. Ste-Marie, C., Nelson, E. A., Dabros, A., and
Bonneau, M.-E. Forestry Chronicle 87(6):724-730. 2011.

101. © Assisted migration: uncertainty, risk and op-
portunity. Park, A. and Talbot, C. Forestry Chronicle
88(4):412-419. 2012.

102. © Carbon sequestration from 40 years of plant-
ing genetically improved loblolly pine across the
southeast United States. Aspinwall, M. ]., McKeand, S.
E., and King, J. S. Forest Science 58(5):446-456. 2012.

103. Climate change and forest trees in the Pacific
Northwest: guide to vulnerability assessment meth-
odology. Devine, W,, Aubry, C., Miller, J., Potter, K.,
and Bower, A. USDA Forest Service, Pacific Northwest
Region. 48 p. 2012.

104. © Determining suitable locations for seed
transfer under climate change: a global quantitative
method. Potter, K. M. and Hargrove, W. W. New For-
ests 43:581-599. 2012.

105. © Ecotypic mode of regional differentiation of
black cottonwood (Populus trichocarpa) due to re-
stricted gene migration: further evidence from a field
test on the northern coast of British Columbia. Xie,
C.-Y, Carlson, M. R,, and Ying, C. C. Canadian Journal
of Forest Research 42:400-405. 2012.

106. © Failure to migrate: lack of tree range expan-
sion in response to climate change. Zhu, K., Woodall,
C. W, and Clark, J. S. Global Change Biology 18:1042-
1052. 2012.

107. © Financial performance of using genetically
improved regeneration material of Scots pine (Pinus
sylvestris L.) in Finland. Ahtikoski, A., Ojansuu, R,
Haapanen, M., Hynynen, J., and Karkkainen, K. New
Forests 43:335-348. 2012.
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108. © Genetic variation between and within ex-situ
native-provenance collections of Pinus radiata D.
Don planted in Australia and New Zealand. Bian, L.,
Gapare, W. J., Ivkovic, M., Jefferson, P, and Wu, H. X.
Silvae Genetica 60(6):276-285. 2011.

109. © Genetic variation in needle epicuticular wax
characteristics in Pinus pinceana seedlings. Ramirez-
Herrera, C., Percy, K. E.,, Loo, J. A., Yeates, L. D., and
Vargas-Hernandez, J. Silvae Genetica 60(5):210-215.
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110. © Growth phenology of coast Douglas-fir seed
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Harrington, C. A., and St. Clair, J. B. Tree Physiology
32:1482-1496. 2012.

111. © The implementation of assisted migration
in Canadian forests. Pedlar, ]. H., McKenney, D. W,
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87(6):766-777. 2011.

112. Long-distance gene flow and adaptation of forest
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Robledo-Arnuncio, J. J., and Guillaume, E Ecology Let-
ters. 2012.

113. © Optimization of genetic gain and diversity in
seed orchard crops considering variation in seed ger-
mination. Funda, T., Lstiburek, M., Klapste, J., and El-
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27:787-793. 2012.

114. © Physiological and morphological attributes of
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and Tauer, C. G. Canadian Journal of Forest Research
42:238-246. 2012.

115. © Placing forestry in the assisted migration
debate. Pedlar, ]. H., McKenney, D. W,, Aubin, I, and
Beardmore, T. BioScience 62(9):835-842. 2012.

116. © Rapid climate change and the rate of ad-
aptation: insight from experimental quantitative
genetics. Shaw, R. G. and Etterson, J. R. New Phytolo-
gist 195:752-765. 2012.

117. © Review of science-based assessments of spe-
cies vulnerability: contributions to decision-making
for assisted migration. Beardmore, T. and Winder, R.
Forestry Chronicle 87(8):745-754. 2011.
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118. © Why we disagree about assisted migration:
ethical implications of a key debate regarding the
future of Canada’s forests. Aubin, L., Garbe, C. M.,
Colombo, S., and Drever, C. R. Forestry Chronicle
87(6):755-765. 2011.

119. Widespread triploidy in western North American
aspen (Populus tremuloides). Mock, K. E.,

Callahan, C. M., Islam-Faridi, M. N., and Shaw, J. D.
Plos One 7(10):e48406. 2012.

120. © Ectomycorrhizal networks of Pseudotsuga
mencziesii var. glauca trees facilitate establishment of
conspecific seedlings under drought. Bingham, M. A.
and Simard, S. Ecosystems 15:188-199. 2012.

121. © Effects of resident soil fungi and land use
history outweigh those of commercial mycorrhizal
inocula: testing a restoration strategy in unsteril-
ized soil. Paluch, E. C., Thomsen, M. A., and Volk, T. J.
Restoration Ecology online. 2012.

122. © Establishment, persistence and effectiveness of
arbuscular mycorrhizal fungal inoculants in the field
revealed using molecular genetic tracing and mea-
surement of yield components. Pellegrino, E., Tur-
rini, A., Gamper, H. A., and Cafa, G. New Phytologist
194:810-822. 2012.

123. © Mycorrhizal symbiosis affected by different
genotypes of Pinus pinaster. Sousa, N. R., Ramos, M.
A., Franco, A. R., Oliveira, R. S., and Castro, P. M. L.
Plant and Soil 359:245-253. 2012.

124. © Widespread fitness alignment in the legume-
rhizobium symbiosis. Friesen, M. L. New Phytologist
194:1096-1111. 2012.
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125. Alternative energy: evaluating wood fuel for
greenhouse heat. Bartok, J. W,, Jr. Greenhouse Man-
agement 32(8):17. 2012.

126. Auditing for energy efliciency. Benson, S. Ameri-
can Nurseryman 210(9):6, 8, 10-11. 2012.

127. The changing light bulb. Bartok, ]. W,, Jr. Green-
house Management 32(2):26-27. 2012 .

128. Diffusion: how high-diffusion coverings can
make a difference in your greenhouse. Allen, L.
Greenhouse Management 32(5):28-29. 2012.

129. Easy solutions: hoophouse improvement you
can make. Bartok, J. W, Jr. Greenhouse Management
32(9):14. 2012.

130. Everything you wanted to know about fog: but
were afraid to ask. Stanley, M. International Plant
Propagators’ Society, combined proceedings 2011,
61:104-105. 2012 .

131. Hole digging done right. Von Ruden, D. Ameri-
can Nurseryman 210(3):20-23. 2012.

132. New advances: a look at newer variable speed ir-
rigation pumps. Bartok, J. W, Jr. Greenhouse Manage-
ment 32(12):16. 2012.
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133. © Assessing the ecological success of restoration
by afforestation on the Chinese loess plateau. Jiao,

J., Zhang, Z., Bai, W, Jia, Y., and Wang, N. Restoration
Ecology 20(2):240-249. 2012.

134. © Cultural intensity and planting density effects
on aboveground biomass of 12-year-old loblolly pine
trees in the Upper Coastal Plain and Piedmont of
the southeastern United States. Subedi, S., Kane, M.,
Zhao, D., Borders, B., and Greene, D. Forest Ecology
and Management 267:157-162. 2012.

135. © Does mixing tree species enhance stand
resistance against natural hazards? a case study for
spruce. Griess, V. C., Acevedo, R., Hartl, E,, Staupen-
dahl, K., and Knoke, T. Forest Ecology and Manage-
ment 267:284-296. 2012.
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136. © Faster growth of Eucalyptus grandis and Euca-
lyptus pilularis in mixed-species stands than mono-
cultures. Forrester, D. . and Smith, R. G. B. Forest
Ecology and Management 286:81-86. 2012.

137. © First-year effects of tree shelters and mulching
on survival and growth of zeen oak (Quercus canar-
iensis Lamk.) seedlings planted in north-western
Tunisia. Mechergui, T., Hasnaoui, B., Pardos, M., and
Boussaidi, N. Rev. Ecol. (Terre Vie) 67:3-18. 2012.

138. © Growth and survival of Port-Orford-Cedar
families on three sites on the south Oregon coast.
Harrington, C. A., Gould, P. ]., and Sniezko, R. A. West-
ern Journal of Applied Forestry 27(3):156-158. 2012.

139. © Influence of herbaceous and woody vegetation
control on seedling microclimate, leaf gas exchange,
water status, and nutrient relations of Pinus strobus
L. seedlings planted in a shelterwood. Parker, W. C.,
Pitt, D. G., and Morneault, A. E. Forest Ecology and
Management 271:104-114. 2012.

140. © Nursery stock quality as an indicator of bot-
tomland hardwood forest restoration success in the
Lower Mississippi River alluvial valley. Jacobs, D. E,
Goodman, R. C., Gardiner, E. S., and Salifu, K. F. Scan-
dinavian Journal of Forest Research 27:255-269. 2012.

141. Optimization of environmental factors affecting
initial growth of Norway spruce seedlings. Johansson,
K., Langvall, O., and Bergh, J. Silva Fennica 46(1):27-
38.2012.

142. © Particle size and composition of polymer root
gels affect loblolly pine seedling survival. Starkey, T.
E., Enebak, S. A., South, D. B., and Cross, R. E. Native
Plants Journal 13(1):19-26. 2012.

143. © Photosynthetic response, carbon isotopic
composition, survival, and growth of three stock
types under water stress enhanced by vegetative
competition. Pinto, J. R., Marshall, . D., Dumroese, R.
K., Davis, A. S., and Cobos, D. R. Canadian Journal of
Forest Research 42:333-344. 2012.

144. Planted Picea mariana growth and nutrition as
influenced by silviculture x nursery interactions on
an Ericaceous-dominated site. Thiffault, N., Hebert, E,
and Jobidon, R. Silva Fennica 46(5):667-682. 2012.

145. Productivity and cost-effectiveness of the M-
planter tree planting machine in Latvian conditions.
Liepins, K., Lazdina, D., and Lazdins, A. Baltic Forestry
17(2):308-313. 2011.

41

Winter 2013

146. © Restoring longleaf pine on an agricultural
site by planting alternating rows of slash pine: a case
study. South, D. B., Johnson, E. E., Hainds, M. J., and
VanderSchaaf, C. L. Southern Journal of Applied For-
estry 36(3):118-125. 2012.

147. © Rotation-age results from a loblolly pine spac-
ing trial. Amateis, R. L. and Burkhart, H. E. Southern
Journal of Applied Science 36(1):11-18. 2012.

148. Seedling establishment on small cutting areas
with and without site preparation in a drained spruce
mire -- a case study in northern Finland. Hokka, H.,
Repola, J., Moilanen, M., and Saarinen, M. Silva Fen-
nica 46(5):695-705. 2012.

149. © Silvicultural treatments for converting lob-
lolly pine to longleaf pine dominance: effects on
resource availability and their relationships with
planted longleaf pine seedlings. Hu, H., Wang, G.
G., Walker, J. L., and Knapp, B. O. Forest Ecology and
Management 282:115-123. 2012.

150. © Stand responses to initial spacing in Norway
spruce plantations in Norway. Gizachew, B., Brunner,
A., and Oyen, B.-H. Scandinavian Journal of Forest
Research 27:637-648. 2012.

151. © Survival and growth of balsam fir seedlings
and saplings under multiple controlled ungulate
densities. Hidding, B., Tremblay, J. P, and Cote, S. D.
Forest Ecology and Management 276:96-103. 2012.

152. © Techniques to promote Garry oak seedling
growth and survival in areas with high levels of her-
bivory and competition. Clements, D. R., Luginbill, S.,
Jordan, D. A., Van Dragt, R., and Pelant, R. K. North-
west Science 85(2):172-181. 2011.

153. © Terpene production and growth of three
Pacific Northwest conifers in response to simulated
browse and nutrient availability. Burney, O. T. and
Jacobs, D. E Trees 26:1331-1342. 2012.

154. © Urban environment of New York City pro-
motes growth in northern red oak seedlings. Searle, S.
Y., Turnbull, M. H., Boelman, N. T., and Schuster, W. S.
E Tree Physiology 32:389-400. 2012.

155. The use of soil additives and root dips on noble
fir Christmas trees. Landgren, C. Tree Planters’ Notes
55(2):34-38. 2012.
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156. © Antimicrobial activity of chestnut extracts for
potential use in managing soilborne plant pathogens.
Hao, J. ], Liu, H., Donis-Gonzalez, I. R., and Lu, X. H.
Plant Disease 96(3):354-360. 2012.

157. Artificial regeneration of five-needle pines of
western North America: a survey of current practices
and future needs. Waring, K. M. and Goodrich, B. A.
Tree Planters’ Notes 55(2):55-71. 2012.

158. © Biochar amendment increases resistance to
stem lesions caused by Phytophthora spp. in tree
seedlings. Zwart, D. C. and Kim, S. H. HortScience
47(12):1736-1740. 2012.

159. © Chestnut breeding in the United States for
disease and insect resistance. Anagnostakis, S. L. Plant
Disease 96(10):1392-1403. 2012.

160. Controlling whiteflies: how ICM is an effective
solution for whiteflies and plant quality. Faver, M. and
Winski, P. Greenhouse Management 32(9):79-80. 2012.

161. © Development and evaluation of a real-time
PCR seed lot screening method for Fusarium circina-
tum, causal agent of pitch canker disease. Dreaden, T.
J., Smith, J. A., Barnard, E. L., and Blakeslee, G. Forest
Pathology 42:405-411. 2012.

162. © Fungicide efficacy in prevention of root rot
incited by Phytophthora cactorum and Phytophthora
drechsleri in Fraser fir seedlings. Hoover, B. K. Hort-
Technology 22(4):470-475. 2012.

163. Hackberry: an alternative to ash species in the
battle against Emerald ash borer. Mathers, T. Tree
Planters’ Notes 55(2):43-48. 2012.

164. Hard to control: four questions to help you bet-
ter handle mealybugs. Cloyd, R. Greenhouse Manage-
ment 32(5):14-15. 2012.

165. © Higher resistance of the offspring of Scots
pine trees resulting from natural regeneration in old
foci of Heterobasidion annosum root rot. Napierala-
Filipiak, A. and Filipiak, M. Scandinavian Journal of
Forest Research 27:794-799. 2012.
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166. © Infectivity and inoculum production of Phy-
tophthora ramorum on roots of eastern United States
oak species. Widmer, T. L., Shishkoff, N., and Dodge, S.
C. Plant Disease 96:1675-1682. 2012.

167. Leafminers. Cloyd, R. Greenhouse Management
32(11):16. 2012.

168. © Liverwort control: an ancillary role for
ozone-based irrigation water treatment systems?
Graham, T. and Dixon, M. A. HortScience 47(3):361-
367. 2012.

169. © Pathogenicity testing of four Bursaphelenchus
species on conifer seedlings under greenhouse
conditions. Dayi, M. and Akbulut, S. Forest Pathology
42:213-219. 2012.

170. © PCF-DGGE method for in planta detection and
identification of Phytophthora species. Rytkonen, A.,
Lilja, A., and Hantula, ]. Forest Pathology 42:22-27. 2012.

171. Pest control guide: pest control materials for
managing insect and mite pests of greenhouse-grown
crops. Cloyd, R. A. Greenhouse Management 32(1):3-8.
2012.

172. Pest monitoring: a best practice. Graesch, J.
American Nurseryman 210(5):14-15. 2012.

173. Phytophthora ramorum in Canada: evidence for
migration within North America and from Europe.
Goss, E. M., Larsen, M., Vercauteren, A., and Werres, S.
Phytopathology 101:166-171. 2011.

174. © Phytophthora ramorum sp. nov., a new patho-
gen on Rhododendron and Viburnum. Werres, S.,
Marwitz, R., Man In’t Veld, W. A., and De Cock, A. W.
A. M. Mycological Research 105(10):1155-1165. 2012.

175. © Smoke-water controls Pythium damping-off in
papaya seedling. Lin, H.-L., Chumpookam, J., and Shiesh,
C.-C. Chung W. H. HortScience 47(10):1453-1456. 2012.

176. © Standardizing the nomenclature for clonal lin-
eages of the sudden oak death pathogen, Phytophthora
ramorum. Grunwald, N. J., Goss, E. M., Ivors, K., and
Garbelotto, M. Phytopathology 99(7):792-795. 2012.

177. © Survival of Phytophthora ramorum in Rhodo-
dendron root balls and in rootless substrates. Vercau-
teren, A., Riedel, M., Maes, M., Werres, S., and Heun-
gens, K. Plant Pathology . 2012.

178. © A systems approach for management of pests
and pathogens of nursery crops. Parke, J. L. and Grun-
wald, N. J. Plant Disease 96(9):1236-1244. 2012.
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179. © Tree insects and pathogens display opposite ten-
dencies to attack native vs. non-native pines. Lombar-
dero, M. ]., Alonso-Rodriguez, M., and Roca-Posada, E. P.
Forest Ecology and Management 281:121-129. 2012.

180. © Trichoderma atroviride promotes growth and
enhances systemic resistance to Diplodia pinea in
radiata pine (Pinus radiata) seedlings. Reglinski, T,
Rodenburg, N., Taylor, J. T., and Northcott, G. L. Forest
Pathology 42:75-78. 2012.

181. © Viability of oomycete propagules following
ingestion and excretion by fungus gnats, shore flies,
and snails. Hyder, N., Coffey, M. D., and Stanghellini,
M. E. Plant Disease 93(7):720-726. 2012.

182. Weevil woes: how to quickly spot and stop a
black vine weevil infestation. Hanna, J. Greenhouse
Management 32(11):50-52. 2012.

183. What’s wrong with my plant? Johnson, J. Inter-
national Plant Propagators’ Society, combined proceed-
ings 2011, 61:70-75. 2012.
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184. The downside of combination fungicides. Ps-
cheidt, J. W. Digger 56(4):41-44. 2012.

185. Fungicides for disease control of greenhouse
crops. Warfield, C. Y. Greenhouse Management
32(2):3-14. 2012.

Seedling Harvesting ',
and Storage

186. © Frost hardiness, carbohydrates and bud
morphology of Picea abies seedlings after different
lengths of freezer storage. Luoranen, J., Riikonen, J.,
Rikala, R., and Sutinen, S. Scandinavian Journal of For-
est Research 27:414-419. 2012.
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187. © Survival of southern pine seedlings after
inoculations with Pythium and cold storage in the
presence of peat moss. Jackson, D. P,, Enebak, S. A.,
and South, D. B. Forest Pathology 42:44-51. 2012.

Seedling Physiology
and Morphology

188. © Biomass allocation to roots and shoots is more
sensitive to shade and drought in European beech
than in Norway spruce seedlings. Schall, P., Lodige, C.,
Beck, M., and Ammer, C. Forest Ecology and Manage-
ment 266:246-253. 2012.

189. © Cold hardiness of Pinus nigra Arnold as influ-
enced by geographic origin, warming, and extreme
summer drought. Kreyling, J., Wiesenberg, G. L. B.,
Thiel, D., and Wohlfart, C. Environmental and Experi-
mental Botany 78:99-108. 2012.

190. © Differences in hydraulic architecture between
mesic and xeric Pinus pinaster populations at the
seedling stage. Corcuera, L., Gil-Pelegrin, E., and No-
tivol, E. Tree Physiology 32:1442-1457. 2012.

191. © Does freezePruf topical spray increase plant
resistance to freezing stress? Anderson, J. A. Hort-
Technology 22(4):542-546. 2012.

192. © The effect of induced heat waves on Pinus
taeda and Quercus rubra seedlings in ambient and
elevated CO, atmospheres. Ameye, M., Wertin, T. M.,
Bauweraerts, I., and McGuire, M. A. New Phytologist
196:448-461. 2012.

193. © Effects of elevated temperature and [CO,] on
photosynthesis, leaf respiration, and biomass ac-
cumulation of Pinus taeda seedlings at a cool and a
warm site within the species’ current range. Wertin,
T. M., McGuire, M. A., van Iersel, M., Ruter, J. M., and
Teskey, R. O. Canadian Journal of Forest Research
42:943-968. 2012.

194. Effects of “short” photoperiods on seedling
growth of Pinus brutia. Iakovoglou, V., Radoglou, K.,
Kostopoulou, P, and Dini-Papanatasi, O. Journal of
Environmental Biology 33:149-154. 2012.
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195. © Growth and physiological response of fraser
fir [Abies fraseri (Pursh) Poir.] seedlings to water
stress: seasonal and diurnal variations in photosyn-
thetic pigments and carbohydrate concentration. Ku-
lac, S., Nzokou, P.,, Guney, D., Cregg, B. M., and Turna,
I. HortScience 47(10);1512-1519. 2012.

196. © High-light acclimation in Quercus robur L.
seedlings upon over-topping a shaded environment.
Jensen, A. M., Gardiner, E. S., and Vaughn, K. C. Envi-
ronmental and Experimental Botany 78:25-32. 2012.

197. © Horticultural applications of a newly revised
USDA plant hardiness zone map. Widrlechner, M. P,
Daly, C., Keller, M., and Kaplan, K. HortTechnology
22(1):6-19. 2012.

198. © How long can young Scots pine seedlings
survive waterlogging? Mukassabi, T. A., Polwart, A.,
Coleshaw, T., and Thomas, P. A. Trees 26:1641-1649.
2012.

199. Intraspecific variation in Pinus pinaster PSII
photochemical efficiency in response to winter stress
and freezing temperatures. Corcuera, L., Gil-Pelegrin,
E., and Notivol, E. PLoS One 6(1):e28772. 2011.

200. © The minimum temperature for budburst in
Betula depends on the state of dormancy. Junttila, O.
and Hanninen, H. Tree Physiology 32:337-345. 2012.

201. © An operational method for estimating cold
tolerance thresholds of white spruce seedlings in for-
est nurseries. Carles, S., Lamhamedi, M. S., Stowe, D.
C., Veilleux, L., and Margolis, H. A. Forestry Chronicle
88(4):448-457.2012.

202. Plant hormones: the auxins, points for under-
standing their actions and use. Barnes, H. W. Interna-
tional Plant Propagators’ Society, combined proceed-
ings 2011, 61:320-326. 2012.

203. © Promoting seedling stress resistance through
nursery techniques in China. Liu, Y, Bai, S. L., Zhu, Y,,
Li, G. L., and Jiang, P. New Forests 43:639-649. 2012.

204. © Short-term changes in biomass partitioning of
two full-sib clones of Pinus taeda L. under differing
fertilizer regimes over 4 months. Stovall, J. P, Fox, T.
R., and Seiler, J. R. Trees 26:951-961. 2012.

205. © Trade-offs between growth and cold and
drought hardiness in submaritime Douglas-fir.
Darychuk, N., Hawkins, B. J., and Stoehr, M. Canadian
Journal of Forest Research 42:1530-1541. 2012.
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206. © Using nomograms for evaluating plant mor-
phological and physiological data. Haase, D. L. West-
ern Journal of Applied Forestry 27(1):42-45. 2012.

207. © Why seedlings survive: influence of plant
attributes. Grossnickle, S. C. New Forests 43(5-6):711-
738. 2012.

208. Betula pendula seed storage and sowing pre-
treatment: effect on germination and seedling emer-
gence in container cultivation. Tylkowski, T. Dendro-
biology 67:49-58. 2012.

209. Does Scots pine seed colour affect its germination?
Mukassabi, T. A., Polwart, A., Coleshaw, T., and Thomas,
P. A. Seed Science & Technology 40:155-162. 2012.

210. Effects of storage conditions and pre-chilling
periods on germinability of Pinus ponderosa seeds from
Patagonia, Argentina: preliminary study. Pasquini, N.
M. and Defosse, G. E. Bosque 33(1)99-103. 2012.

211. © Marked, biased, filter (MBF): use of digital X-
radiography and mark-recapture to partition seed lots
based on sampled individual seed quality attributes.
Keefe, R. E and Davis, A. S. New Forests 43:169-184. 2012.

212. © Nut cold hardiness as a factor influencing

the restoration of American chestnut in northern
latitudes and high elevations. Saielli, T. M., Schaberg,
P. G., Hawley, G. ], Halman, ]. M., and Gurney, K. M.
Canadian Journal of Forest Research 42:849-857. 2012.

213. © The Pop Test: a quick aid to estimate seed
quality. Tilley, D. J., Ogle, D., and Cornforth, B. Native
Plants Journal 12(3):227-232. 2011.

214. © The sticky tale of seed coat mucilages: pro-
duction, genetics, and role in seed germination and
dispersal. Western, T. L. Seed Science Research 22:1-
25.2012.

215. © Testing the “local provenance” paradigm: a
common garden experiment in Cumberland Plain
Woodland, Sydney, Australia. Hancock, N., Leishman,
M. R,, and Hughes, L. Restoration Ecology online. 2012.



Forest Nursery Notes

Soil Management

& Growing Medi A

216. Adding to growth: researchers test the efficacy of
soil additives in promoting plant growth and reduc-
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