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Abstract

These proceedings are a compilation of the papers that were presented at the regional meetings of the forest and conservation
nursery associations in the United States and Canada in 2007. The Northeastern Forest and Conservation Nursery Association
meeting was held July 16 to 19 at the Grappone Conference Center in Concord, NH. The meeting was hosted by the New Hampshire
State Forest Nursery. Subject matter for the technical sessions included seed collection, handling, and storage, soil management,
seedling nutrition, disease management, and fumigation alternatives. Field trips included an afternoon tour of the New Hampshire
State Forest Nursery in Boscawen, NH, and a full day tour of the White Mountain National Forest, including timber management
and wilderness projects across the Kancamagus Highway, and Hubbard Brook Experimental Forest. The combined meeting of
the Forest Nursery Association of British Columbia and the Western Forest and Conservation Nursery Association was held at the
Mary Winspear Centre in Sidney, BC, on September 17 to 19. The meeting was hosted by the Forest Nursery Association of Brit-
ish Columbia. Subject matter for the technical sessions included global climate change, business practices and marketing, forest
nursery practices, nursery technology, disease management, and labor management. An afternoon field trip included tours of the
Arbutus Grove Nursery Limited, Eurosa Gardens Limited, and Church and State Wines on the Saanich Peninsula.

Keywords: bareroot nursery, container nursery, nursery practices, fertilization, pesticides, seeds, reforestation, restoration, tree
physiology, hardwood species, marketing
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“He plants trees to benefit another generation”
— CICERO

As a forester one of the best and worse things
about my work is the time involved to grow a for-
est. Most benefits of my work will be realized long
after my last steps are taken on this earth. It’s
comforting to me to know that 3 generations
from now, people will be harvesting trees that I
have planted, or that have regenerated from cut-
tings that I have made in the forest.

On the other hand, I often wish that I could get
in a time machine and zip ahead into the future
to see how things will work out; which species
will do best; how well they will grow; how well
this forest will match up to the previous forest
that I managed.

We owe so much to previous generations that
have contributed their time, efforts, sweat, and
careers to the forest. The State of New Hampshire
has benefited from the planting stock that has
been developed and provided by the State Forest
Nursery and from the many cooperative pro-
grams over the years that helped improve the
stock which it provided.

The Norway spruce (Picea abies) plantation
(Figure 1) at the Caroline A Fox Research and
Demonstration Forest in Hillsborough, New
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Figure 1. Norway spruce (Picea abies) plantation on the Fox
Research and Demonstration Forest in Hillsborough, New
Hampshire.

Figure 2. Douglas-fir (Pseudotsuga menziesii) groves on the
Fox Forest.
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Hampshire (43°08'15.86"'N, 71°54'56.53""W) was
planted in 1936. Seeds for this plantation were
collected across much of Europe as part of a
provenance trial to examine geographic variation
of seed source, and to try and discern how local
seed sources react to new climatic conditions.
This stand, in particular, has been heavily studied
by master and doctoral degree candidates and
used to help decipher problems with Norway
spruce in the Black Forest of Germany. These
seeds were sent to Fox Forest and raised in a small
nursery on site by Dr Henry I Baldwin, the for-
est’s first research forester.

A similar plantation of Norway spruce was
planted about 10 km (6 mi) east at the Vincent
State Forest. This plantation was part of a huge
provenance experiment by the International
Union of Forest Research Organizations
(IUFRO). New Hampshire has one of the best
plantations from this experiment because most
were situated in Europe and destroyed or severe-
ly damaged during World War II.

Also located at Fox Forest are several small
groves of Douglas-fir (Pseudotsuga menziesii)
(Figure 2). These seeds were collected from across
the American west and planted in the Fox Forest
nursery as part of a Christmas tree study to deter-
mine which local sources did best in New Hamp-
shire. The Santa Fe New Mexico seed source
eventually proved best for Christmas tree culture.
Personally, Douglas-fir is my favorite Christmas
tree. I usually need to grow my own, however,
because New England growers prefer to grow bal-
sam fir (Abies balsamea). Baldwin eventually
elected to leave some of these groves instead of
harvesting them all, providing us with this excel-
lent specimen to enjoy. This grove currently has a
dozen or so individuals growing in it, this stem
being the largest at about 76 cm (30 in) diameter
at breast height after about 70 years.

Just beyond the Douglas-fir grove is a small
plantation of Carolina cottonwoods (Populus del-
toides) (Figure 3). These trees were grown from
cuttings provided by Oxford Paper Company in
the 1930s. Their intention was to provide the cut-



tings to landowners who wished to grow pulp-
wood for their mill in northern Massachusetts.
These trees are very fast growers.

Without question, Fox Forest has benefited
greatly from nursery work across the world. It also
contains several larch (Larix spp.) plantations,
including specimens from the Duke of Atholl’s
Dunkeld home in Scotland. These amazing
Dunkeld larch hybrids (Larix marschlinsii) are a
cross between European (L. decidua) and Japanese
(L. kaempferi) larch, and have been known to grow
one third faster than either parent.

Other state reservations have also enjoyed the
benefits of cultured forests. Figure 4 shows the
red pine (Pinus resinosa) plantation located at
Contoocook State Forest in the town of Hopkin-
ton, New Hampshire. Like so many other red pine
plantations in the state, this forest was planted by
the Civilian Conservation Corps (CCC) during
the Depression years of the 1930s. Red pine is a
fast growing, straight-trunk tree that did not have
the terrible weevil problem of our more common
white pine (P. strobus). The CCC was geared up
for planting, and the nursery was producing a lot
of red pine seedlings during this time. In 1931,
the production of red pine planting stock was
only 58,932 seedlings. In 1934, however, the nurs-
ery produced 508,855 red pine seedlings. In 1935,
it produced 361,329 red pine seedlings, with pro-
duction dropping to 270,942 seedlings in 1936.
During that same decade, much of Mast Yard
State Forest was planted to red pine or white pine
plantations. Some of the Mast Yard plantations
have been thinned 6 times so far (Figure 5). In the
fall of 1993, following a detailed forest inventory
and review of past operations in the stands, some
of the Mast Yard plantations had produced near-
ly 507 m3 of wood/ha (57 cords of wood/ac) at
about age 60.

White pine is probably the tree species most
often planted in New Hampshire for reforesta-
tion. Over the years, we have improved and
thinned many of these plantations with timber
stand improvement treatments, biomass/whole
tree harvests, and sawtimber thinnings, and we

Figure 3. Carolina cottonwood (Populus deltoides) plantation
on the Fox Forest.

Figure 4. Red pine (Pinus resinosa) plantation on Con-
toocook State Forest in Hopkinton, New Hampshire.

Figure 5. Early thinning in a Mast Yard State forest
red pine (Pinus resinosa) plantation.
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are now regenerating many of these mature
stands. White pine plantations carry a large
amount of stocking, with volumes often between
115 to 175 m3/ha (20,000 to 30,000 bd ft/ac).
Many different loggers have harvested timber
products from these stands and sent the logs to
several sawmills, which process the lumber and
send it out to a multitude of local industries in
the state. A rule of thumb in New England is that
US$ 1 of stumpage money yields another US$ 27
to the local economy. Just think of what the
value-added potential is from seedling to sawlogs.
The benefits from our white pine plantations
have been a mainstay of the forest management
program of the state.

What led to the formation of the New Hamp-
shire State Forest Nursery in 19102 It was a reaction
to the activities of the times. The science of forestry
was in its infancy in the US. Much of the timber
harvesting occurring in the state was very heavy-
handed. Companies often would buy a woodlot,
harvest everything of value on that particular land
holding, and then sell the land. The widespread
heavy cutting and the resulting forest fires inspired
the adoption of the Weeks Act in 1911, which
allowed the USDA Forest Service to purchase and
protect land along navigable rivers. This was the
beginning of our own White Mountain National
Forest in New Hampshire and Maine.

So much land was cutover and bare that the
state of New Hampshire instituted a program
where landowners could deed cutover land to the
state, and the state would replant the land and sell
it back to the original owner for planting costs plus
4% interest. These were called “Ten Year Tracts”
because the owners had up to 10 years to purchase
them back. Old biennial reports for the New
Hampshire Forestry Commission reveal that
planting costs in 1914 were US$ 27/ha (US$
11/ac), which included the cost of seedlings and all
labor. In 1915, crews planted 93 ha (231 ac) of pri-
vate lands under the program, and an additional
73 ha (190 ac) of state reservations. Even at these
low costs, much land was never purchased back by
the owners. Many of these tracts make up the cur-
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rent 201 individual properties that form the state
reservation system in New Hampshire today.

The state wanted to achieve 3 goals with the
formation of a state forest nursery: 1) supply the
increasing demand for seedling stock to reforest
cutover woodlands; 2) begin a cooperative plant-
ing program with towns and private lands; and 3)
supply native trees grown locally to prevent the
importing of diseased seedlings, especially from
Europe.

In 1910, the state leased some land in the town
of Pembroke and began a small nursery. The
nursery planted transplants and offered them for
resale to residents for US$ 3/thousand seedlings.
The first year had great success, with 50,000
transplant seedlings sold. The estimated demand,
however, was 200,000 seedlings. The following
year, the state leased a larger tract of land in the
town of Boscawen and produced 250,000
seedlings. This operation was considered so suc-
cessful that more land was leased at this location
and the operation was expanded. In 1914, the
nursery produced 717,000 seedlings. To date, we
estimate the New Hampshire nursery has sold
approximately 76,500,000 seedlings.

Today, the New Hampshire State Forest Nurs-
ery continues to produce seedlings for reforesta-
tion, Christmas tree culture, wildlife habitat
improvement, and ecological restoration. It is the
only state nursery still in operation in New Eng-
land. Its future will be decided by how innovative
the staff can be and by how successful it can be at
providing important services to residents of the
state.
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ABSTRACT

Diagnosing Christmas tree problems can be a challenge,
requiring a basic knowledge of plant culture and physi-
ology, the effect of environmental influences on plant
health, and the ability to identify the possible causes of
plant problems. Developing a solution or remedy to the
problem depends on a proper diagnosis, a process that
requires recognition of a problem and determination of
the cause or causes.

KEYWORDS
disease symptoms, biotic, abiotic

Symptom Recognition

Before a grower can recognize symptoms, he or
she must be familiar with the “normal” character-
istics for the particular tree species and varieties
grown. Characteristics such as unusual growth
habit or needle color may be mistaken for disease
symptoms unless the grower knows these charac-
teristics are typical for that variety.

The first step in diagnosing a plant health
problem is the recognition of symptoms. A symp-
tom is any visible, “abnormal” condition of a
plant caused by living organisms, such as fungi,
insects, bacteria, or viruses, or non-living agents,
such as environmental factors, chemical damage,
or physical injury. Common symptoms of tree
diseases and disorders include needle blights,
chlorosis (yellowing), necrosis (browning), stunt-
ing, tip dieback, distorted growth, galls, needle
drop, stem cankers (dark, usually sunken areas),
wilt, and root rot, to name just a few.

Is There a Pattern to the Symptoms?

After noting the symptoms, make a general
assessment of the affected tree(s) and nearby
healthy trees. A series of questions may be helpful
in assessing the problem: Is more than one plant
affected and is more than one type of plant (gen-
era or species) affected? Where on the tree(s) did
the symptoms first appear? Is the problem limit-
ed to the interior or exterior portions of the tree
(or plantation)? Are the symptoms localized or
widespread? Are several types of symptoms pres-
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ent? Is there a pattern of the affected plants in the
plantation (rows, low areas, every nth plant)?

After making a general assessment, take a close
look at the symptoms. Are fruiting bodies (fungal
structures) visible in the discolored needles or
cankered areas? What does the transition zone
(border between healthy and “diseased” tissue)
look like? Ts a sharp line of discoloration between
healthy and “diseased” tissue visible? Is there evi-
dence of insect feeding? Is pitch evident? When-
ever possible, check the roots. Tip dieback, needle
browning, wilting, and what appear to be nutri-
ent deficiencies are symptoms often associated
with root rots.

If more than one genera of tree is affected, the
cause is often due to an abiotic (non-living)
agent. If the symptoms are limited to a single tree
type, the problem is more likely to be caused by a
biotic (living) agent—a pathogen or insect. Bear
in mind, however, that a particular species of tree
may be more or less sensitive to chemical or envi-
ronmental problems, such as inappropriate use of
fertilizers and pesticides, or drought.

Non-living agents are the most likely cause of
symptoms appearing on only one side of a tree or
planting, or in a repeated pattern, such as every 2
plants or every other row. Symptoms caused by
living agents are more likely to be random in
occurrence or pattern.

Are Signs Visible?

Signs are the actual visible evidence of fungi
and/or insect pests. A 12X to 15X magnifying lens
is helpful for viewing fungal structures and insects
or mites. Examine the symptomatic plants for fun-
gal fruiting bodies (black or brown pinpoint-size
structures) embedded in the tissues (in leaf spots
or cankered areas) or fungal growth (molds or
strand-like growths).

Signs of insects include the insect itself in any of
its life stages, cast exoskeletons (skins), webbing
(spider mites), droppings (frass or honeydew), or
sooty mold. Finding evidence of a pathogen or
insect may not lead directly to the cause of the
problem, however. Sometimes non-living factors
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can weaken a plant and predispose it to attack by
pathogens and/or insects. For example, drought
can predispose plants to root rot fungi, such as
Armillaria spp., to fungal tip blights, such as those
caused by Diplodia spp., or insect attack.

How Quickly Did the Symptoms Appear?

Another important perspective to consider is
the time frame during which symptoms
appeared. A record of the environmental condi-
tions just prior to and during the time symptoms
appeared may also be useful in determining the
cause or causes of the problem.

When did the symptoms first occur? This is
often a difficult question, as many problems seem
to appear overnight. Symptoms caused by most
living agents take several days, weeks, or longer to
develop. Non-living agents are usually the cause
of symptoms that appear suddenly (1 or 2 days).

Record-keeping
Keeping weekly records of general plant health
will help pinpoint the appearance and track the-
progression of symptoms. Records are also help-
ful when trying to determine if particular man-
agement or cultural practices themselves may
have caused the symptoms. It is important to
keep records of the dates and rates of fertilizer
and pesticide applications, along with notes
about environmental conditions when the appli-
cations were made. In addition, keep records of
new plantings (dates and source), as new trees
may serve as the source of pathogens or insects.
Note any changes in the surrounding environ-
ment: Are the problem trees located in a windy or
frost-prone site? Have there been extremes of
moisture (drought/flood)? Questions such as
these will help determine if the problem is caused
by environmental factors.

Diagnostic Testing

Once you've noted a problem and identified
potential causes, you may want to submit plants
to a diagnostic laboratory for confirmation or
further identification. When sending samples to a



lab for diagnostic testing, follow these steps to
ensure an accurate and timely diagnosis:

2 Include as much information as possible about
the history of the problem (when symptoms
were first noted, rate of progression, and any
visible pattern to the symptoms, percentage of
crop or plants affected).

:: Provide information on pesticide and fertilizer
applications, and any changes in the growing
environment.

2 Be sure to include the name and variety of the
trees. Be sure to include a healthy sample for
comparison purposes. If sending samples by
mail, package the sample with packing materi-
al to avoid shifting during shipment and mail
the package early in the week or by overnight
delivery to avoid spoilage.

Every state has a diagnostic lab affiliated with
their Land Grant University (and usually cooper-
ative Extension). To find the diagnostic lab in
your state, go to URL: http://www.npdn.org.

Solutions to the Problems

The best approach is to prevent problems in the
first place. This may seem obvious; but many
simple practices that can prevent plant health
problems are often overlooked.

22 Good sanitation is the best prevention and
control for problems resulting from disease-
causing microorganisms and many insects.

2 Inspect all plant material before planting.
Don’t plant trees that show symptoms of any
kind. You don’t want to inherit a problem.

2 Sanitize cutting, planting, and pruning tools
before each use. Any plant tissues infected with
disease-causing microorganisms can serve as a
source of infection for nearby plants. Infected
shoots or stems should be pruned and
destroyed. If a large portion of the plant is
infected, it is better to remove the entire plant.
Prune infected trees last. When pruning infect-
ed trees and shrubs, sanitize the cutting tools

between each cut (10% bleach or 70% alcohol)
and destroy the prunings.

2 Be sure plants are planted properly. J-rooted
plants are more susceptible to Armillaria root
rot and canker diseases.

2 Seedling trays and pots should be sanitized
before reusing. (It is best to use new).

Water, light, and proper nutrition are also key
factors to monitor and adjust when necessary to
avoid stressing plants. Remember, plants under
stress are usually more susceptible to attack by
both disease-causing organisms and insects.

Diagnosing plant problems can be both frus-
trating and rewarding. It is helpful and, at times,
necessary to have a collection of reference
sources, including plant disease and insect identi-
fication guides, to aid in the diagnosis. As with
any other skill, the more you practice, the better
refined your skills will become. Remember, you
can always send samples to a diagnostic lab for
confirmation before choosing a management
practice, so don’t be afraid to hone your own
diagnostic skills.
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ABSTRACT

Viewpoints will vary in regards to the best alternative to
methyl bromide (CH;Br) fumigation. In some cases, crop
value will determine the best alternative. As the value of
the crop increases, the rate (and cost) of the best treat-
ment might increase as well. In addition, the recommen-
dation will depend on if the individual has a vested inter-
est in the production of high quality seedlings. An
individual with no economic incentive might recommend
an uneconomical, impractical, or unreliable alternative.
In contrast, an individual who intends to make a profit
might recommend an alternative that would cause mini-
mal impact on costs and revenue. According to tests in
both the southern and western US, chloropicrin applied
under a tarp at 336 kg/ha (300 lb/ac) will cause a mini-
mal disruption to a well-managed forest nursery. If nema-
todes are present, a fumigant like 1,3-D may be applied at
time of treatment. Although chloropicrin is not as effec-
tive as CH3Br on certain perennial weeds, sanitation and
the effective use of herbicides can minimize the popula-
tion of troublesome weeds.
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KEYWORDS
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Introduction

Methyl bromide (CH;3Br) is a natural compound
that is produced by phytoplankton in oceans, by
forest fires, by certain plants, and by ectomycor-
rhiza. The amount produced by natural events in
the southern hemisphere troposphere might
amount to 6 ppt of CH3Br (which is enough to
affect the stratospheric ozone layer) (Montzka
and others 2003). Of the total amount of CH;3Br
in the stratosphere (about 8.2 ppt), natural
sources amount to 81%, while manufactured
sources account for 19% (Fahey 2006). However,
attempts to separate natural and anthropogenic
components has generated considerable scientific
and regulatory controversy. In the 1990s, oceans
were thought to be a net source of CH;3Br. In
2007, oceans are viewed as a net sink (Yvon-Lewis
and Butler 1997). Some assume that all “un-
known” sources of methyl bromide are the result
of human activity (Saltzman and others 2004),
while others assume some of the “unknown”
sources could be from natural sources. Some
believe the 8.2 ppt level detected in 1997 (in the
southern hemisphere) is about 1.6 ppt higher



than it should be (Figure 1). As a result, an inter-
national agreement (the Montreal Protocol) put
limits on the manufacture of CH3Br and other
ozone depleting substances (Parker and others
2005). Due to countries adhering to the Montre-
al Protocol, production of ozone depleting sub-
stances was reduced from 1.8 million weighted
tonnes/year (2.0 million tons/year) in 1987 to
about 83,000 tonnes/year (91,500 tons/year) in
2005 (EPA 2007). Therefore, annual production
(by humans) of ozone depleting substances has
been reduced by more than 95%. The global con-
sumption of CH;Br was about 71,764 tonnes/year
(79,100 tons/year) in 1991. By 2005, it was reduced
to about 20,752 tonnes/year (22,875 tons/year)
(MEBTOC 2006).

From 1998 to 2003, the bromide levels in the
troposphere decreased by about 0.8 ppt (Montz-
ka and others 2003). Dr Ian Porter of Australia (a
co-chair of the United Nations MB Technical
Options Committee) purportedly said that, due
partly to the reduction in use of manufactured
methyl bromide, “the hole in the ozone layer (Fig-
ure 2) should begin to decrease in size over Aus-
tralia within the next few years” (Dowler 2007).
Due to the phase-out, the price of CH3Br has
increased, and some managers are now seeking
alternative treatments.

Quarantine and Pre-shipment

Paragraph 6 of Article 2H of the Montreal Proto-
col exempts the use of CH;3Br used for quarantine
and pre-shipment (QPS). The Montreal Protocol
provided no limitation to the production and
consumption of CH3Br when used for QPS pur-
poses. When CH;Br is used for this purpose, it is
referred to as “QPS gas.” Some nursery managers
fumigate with QPS gas to help ensure that
seedlings shipped are “free of injurious pests.” A
phytosanitary certificate is typically required
before seedlings can be shipped over state or
international borders. For example, in 2004,
nursery stock and Christmas trees were shipped
from Oregon to over 70 foreign countries. Soil
fumigation (for example, QPS gas) is a tool used
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Figure 1. The amount of methyl bromide (CH;Br) has
declined in the stratosphere above the northern and south-
ern hemispheres (Butler and others 2004; Fahey 2006).
Higher levels of CH3Br in the northern stratosphere are due,
in part, to a greater amount of vegetation combined with
more biomass burning (CH3Br sources) in the northern
hemisphere, and more oceans (CH3Br sink) in the southern
hemisphere. In 1950, the amount of CH;Br in the strato-
sphere may have averaged 7 ppt (Fahey 2006).
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Figure 2. The ozone hole above Antarctica has increased
from less than 5 million km2 (1.9 million mi2) in 1980 to
more than 25 million km?2 (9.6 million mi2) in 2006. On
September 25, 2006, the size was 29.5 million km?2 (11.4
million mi2). If computer models prove to be accurate, the
recovery of the ozone hole should take place around 2060.
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The following is from the 2006 Report
of the Methyl Bromide Technical
Options Committee (MEBTOC 2006).

The Seventh Meeting of the Parties
decided in Dec. VII/5 that:

(a) Quarantine applications, with
respect to methyl bromide, are treat-
ments to prevent the introduction,
establishment and/or spread of quaran-
tine pests (including diseases), or to
ensure their official control, where:

(i) Official control is that performed by,
or authorized by, a national plant, ani-
mal, or environmental protection or
health authority;

(i1) Quarantine pests are pests of poten-
tial importance to the areas endangered
thereby and not yet present there, or
present but not widely distributed and
being officially controlled;

(b) Pre-shipment applications are
those treatments applied directly pre-
ceding and in relation to export, to
meet the phytosanitary or sanitary
requirements of the importing country
or existing phytosanitary or sanitary
requirements of the exporting country;

(c) In applying these definitions, all
countries are urged to refrain from use of
methyl bromide and to use non-ozone-
depleting technologies wherever possi-
ble. Where methyl bromide is used, Par-
ties are urged to minimize emissions and
use of methyl bromide through contain-
ment and recovery and recycling method-
ologies to the extent possible.
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to reduce the risk of spreading invasive diseases
and pests on nursery stock.

The use of QPS gas is increasing in response to
the International Standard for Phytosanitary
Measures (ISPM 15), which is encouraging
CH;3Br use on wooden packaging materials (FAO
2002). Ajavon and others (2007) believe, howev-
er, this increased use of QPS gas is offsetting the
reductions which have occurred in soil fumiga-
tion and other non-QPS uses. They say that that
“technical alternatives” exist for almost all con-
trolled uses of CH3Br. However, “technical alter-
natives” such as methyl iodide (a soil fumigant)
and halosulfuron-methyl (an herbicide with
activity on nutsedge), may not be used legally
unless registered by the US Environmental Pro-
tection Agency (EPA). Thus far, we know of no
herbicide or fumigant that EPA has approved as
an alternative to CH3Br fumigation in forest tree
nurseries. Because EPA has not approved use of
halosulfuron-methyl, MSMA, methyl iodide, or
sodium azide, nursery managers will continue to
use chemicals that have been approved by EPA.

Silvicultural Alternatives to QPS Gas
Landowners who wish to regenerate a stand after
harvest have several options. Some landowners
may choose to conduct a prescribed burn and
then allow natural regeneration to occur. This
option will result in some CH;3Br being released
into the atmosphere during the burn. Global
emissions of methyl bromide from biomass
burning are estimated to be in the range of 10,000
to 50,000 tonnes/year (11,000 to 55,000 tons/
year), which is comparable to the amount pro-
duced by ocean emission and pesticide use, and
represents a major contribution (an estimated
30%) to the stratospheric bromine budget.
Direct seeding does not rely on the use of QPS
gas and is another silvicultural option that some
landowners have employed. The cost of site
preparation, seeds, labor, and herbicides may
range from US$ 615 to 1230/ha (US$ 250 to
500/ac) and the risk of failure can be high.



Some landowners may decide to purchase and
plant container stock. In some locations, the price
of container stock is similar to that of bareroot
stock. For example, in the Pacific Northwest, con-
tainer stock may cost US$ 0.34 per seedling, while
bareroot stock (produced after fumigating soil
with QPS gas) might cost US$ 0.30 per seedling.
When container seedlings cost more than bare-
root stock, one option is to plant fewer container
seedlings to offset the higher cost. When contain-
er stock is 33% more expensive than bareroot
stock, the cost to the landowner could be offset by
reducing stocking by 25%. For example, if bare-
root seedlings are sold for US$ 0.30 each, 1,000
trees would cost US$ 300. In comparison, if con-
tainer seedlings are sold for US$ 0.40 each, 750
trees would cost US$ 300. Typically, hand-plant-
ing costs will also be reduced when stocking is
reduced by 25%.

Bareroot nurseries in the Netherlands once
relied on methyl bromide, but they increased the
use of metham sodium and increased the use of
container plants (MBTOC 2006). In British
Columbia, the use of container stock gradually
increased (van Eerden 1996). Recently, the Inter-
national Forest Company (based in Georgia)
decided to close 4 bareroot nurseries and to
expand the production of container stock. The
capital required, however, to convert from a bare-
root nursery to a container nursery can be a lim-
iting factor. Many state-owned nurseries operate
under funding constraints and many privately-
owned bareroot nurseries have no incentive to
convert to container production. Applying alter-
native chemical fumigants is cheaper than invest-
ing in container equipment and facilities.

Chemical Alternatives to QPS Gas

A number of chemical fumigants have been
tested in forest nurseries. Some are not registered
and some have not proved to be effective. The fol-
lowing comments pertain to the practical alterna-
tives to QPS gas.

Chloropicrin Under a Tarp

Chloropicrin has been tested in forest nurs-
eries for more than 60 years. For example,
chloropicrin was applied to conifer seedbeds in
Nisqually, Washington (Breakey and others
1945). This treatment has shown promise in the
Lake States, Pacific Northwest, and in the South
(Enebak and others 1990a; Rose and Haase 1999;
South 2007). New formulations that include “sol-
vents” have also proven effective. Rates of 336 to
400 kg/ha (300 to 360 Ib/ac) have been effective in
forest nurseries.

Chloropicrin Plus 1,3-D Under a Tarp

At some nurseries, nematodes can be a problem
and can reduce both yield and seedling quality.
Therefore, monitoring of soil for nematodes will
likely increase as the use of methyl bromide
decreases. In cases where injurious populations are
confirmed, nursery managers may decide to
include 1,3-D when fumigating with chloropicrin.
The rate may vary with nursery, but some man-
agers have applied a rate of 269 kg/ha (240 Ib/ac)
chloropicrin plus 180 kg/ha (160 Ib/ac) 1,3-D.

1,3-D without a Tarp

The rotation commonly used at a nursery may
affect the timing of application. In some regions,
there is one seedling crop per fumigation. Soil
may be fumigated with QPS gas in the autumn;
the following spring, seeds are sown to produce a
240 or 3+0 crop. This is often followed by a cover
crop, and then the sequence is repeated. In the
southern US, 2 or sometimes 3 seedling crops
may follow the initial QPS fumigation. If the
nematode population reaches a high level during
the first rotation, an untarped treatment of 1,3-D
may be applied in the spring (prior to sowing the
second crop). In this case, a rate of 127 kg/ha (113
Ib/ac) may be applied followed by pressing the
soil with a roller (sealing) and then applying 1 to
2 cm (0.4 to 0.8 in) irrigation. When 1,3-D is
applied more than once in 3 years, a buffer zone
of 31 m (102 ft) may be required.
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MITC Compounds

Methyl-isothiocyanate (MITC) is an active
compound that is produced by several fumigants
(dazomet, potassium methyldithiocarbamate,
sodium methyldithiocarbamate). The MITC com-
pound is produced when these compounds react
with water. Most labels indicated sealing the soil
by either a “water seal” or plastic tarp will
increase efficacy. In addition, a water seal may
reduce the amount of MITC that is released into
the atmosphere (Wang and others 2006). In some
cases, however, the soil has been sealed by a roller
to compress the soil surface. Labels typically indi-
cate that activity will be increased when the soil is
covered with a plastic tarp.

Dazomet has been used in forest nurseries for
more than 60 years. In 1956, Wilson and Bailey
(1958) applied 156 kg/ha (139 Ib/ac) at a nursery
in Ohio; the following year, trial samples were
sent to 70 forest nurseries. In 1963, a rate of 325
kg/ha (290 lb/ac) was tested (Iyer 1964). Three
decades later, a rate of 140 kg/ha (125 Ib/ac) was
applied (Enebak and others 1990b). Recently,
researchers applied 448 kg/ha (400 Ib/ac)
dazomet in Wisconsin (Wang and others 2006)
and up to 560 kg/ha (500 Ib/ac) have been applied
in Georgia (Fraedrich and Dwinell 2003). The
“recommended” application rate has increased by
about 60 kg/decade (132 Ib/decade). One possible
explanation of the increase in rates is due to
inconsistent results from lower rates (Enebak and
others 1990b).

Several problems have been reported when
using MITC fumigants. Most problems occurred
when not using a tarp and when an inversion
layer occurred soon after treatment. In some
cases, the evolution of MITC has damaged pines
(that is, bleached out needles) that were growing
120 m (400 ft) from the treated area (Buzzo
2003). Injury of this type has occurred at nurs-
eries in Arkansas, Texas, Oregon, and Washing-
ton. At some nurseries, a negative effect of fumi-
gation on soil fertility has persisted for years. In a
Georgia nursery, corn (Zea mays) was stunted 2
years after treatment with dazomet and, at anoth-
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er nursery, Trichoderma levels remained

depressed for more than a year.

Herbicides

QPS gas can be used to reduce the risk of
spreading noxious weeds such as cogongrass
(Imperata cylindrica), because methyl bromide
will likely kill the seeds. Many nurseries rely on
fumigation with QPS gas to control perennial
weeds such as nutsedge (Cyperus spp.). At some
nurseries, herbicides can be an economical alter-
native to controlling annual weeds (South and
Gjerstad 1980).

Many predict herbicide use will increase as use
of methyl bromide declines. This is based on
reports where weed populations were higher
when certain alternative fumigants were tested
(but where herbicide treatments were absent).
Several researchers believe that most weed popu-
lations can be kept low by applying sanitation in
combination with judicial use of herbicides. The
ability to maintain low weed populations, howev-
er, depends on both a sound knowledge of herbi-
cide efficacy and an adequate number of legal
herbicides. There can be several reasons why the
number of herbicides available to nursery man-
agers is small and may decrease in the future.

NOT A MAJOR FOOD CROP

A number of effective herbicides might be
used in forest nurseries. However, the list of her-
bicides that are legal for use in conifer seedbeds is
shorter than the list that the Environmental Pro-
tection Agency (EPA) has approved for use on
major food crops. Prior to 1972, a nursery man-
ager could legally apply any herbicide to control
weeds, but managers can now only use an herbi-
cide that is “registered for the site.” For example,
if a nursery manager wishes to control nutsedge
with halosulfuron-methyl, Zea mays (a food
crop) could be treated with an aerial application
of 70 g/ha (1 oz/ac), but EPA would not permit
hardwood seedlings (a non-food crop) to be
treated with a ground application of 7 g/ha (0.1
oz/ac) of halosulfuron-methyl. To be legal,



research would be required, and then a chemical
company would need to file a special local need
(24-C) label. In some states, the 24-C label might
be approved while rejected in other states. There-
fore, it is easy to understand why many farmers
(who do not fumigate soil with methyl bromide)
have relatively weed-free corn fields, while nurs-
ery managers (who fumigate soil prior to sowing
hardwoods) 500 hours of
weeding/ha (200 hours/ac). If managers could
legally apply any food-crop herbicide to suppress
weeds in hardwood seedbeds, hand weeding
times might be less than 50 hours/ha (20
hours/ac) and the need for fumigation to sup-
press troublesome weeds would be minimized.

may require

LAWSUITS

Pesticide use in forest nurseries has evolved
from relying on just 1 or 2 pesticides before 1940,
to relying on a number of pest control products
(some even with activity only on certain genera).
This evolution was accomplished through coop-
eration and trust among nursery managers and
researchers. This cooperation is essential if
knowledge is to be increased in this important
management area. It is important that knowledge
obtained by nursery managers be shared with
researchers, and that researchers share results
from their trials with nursery managers. Howev-
er, this cooperation was weakened by several law-
suits during the 1990s. For example, the EI
Dupont Company withdrew the fungicide beno-
myl after numerous lawsuits and claims originat-
ed from horticultural nurseries. In one case, a for-
est nursery in North Carolina claimed that poor
germination resulted after pine seeds were treat-
ed with benomyl. In New York, a manager applied
oryzalin to young tree seedlings and then filed
suit against the chemical company. As a result,
nursery managers throughout the US may now
no longer apply this herbicide to either seedbeds
or seedling transplant beds. In addition, all the
researchers’ time and effort testing oryzalin in
forest nurseries were wasted by one lawsuit. One
should therefore not be surprised when some

researchers are reluctant to share information
with managers who might later sue a chemical
company for monetary gains. “The actions of one
individual can erase the potential benefit of many
research years” (South 2002).

FOREST STEWARDSHIP COUNSEL

The Forest Stewardship Council (FSC) is an
international non-profit organization created to
support environmentally appropriate, socially
beneficial, and economically viable management
of the world’s forests and plantations. FSC has
developed a list of herbicides that may not be used
in forest nurseries (FSC 2005). Plantation owners
seeking FSC certification might not be allowed to
obtain seedlings from nurseries that use herbi-
cides such as atrazine, fluazifop-butyl, met-
alochlor, oxyfluorfen, and pendimethalin. There-
fore, nursery managers who sell seedlings to
customers who desire FSC certification for their
plantations may have a very short list of permitted
herbicides. In addition, FSC does not permit FSC
seedlings to be treated with metam sodium or
QPS gas (without special permission from FSC).

LIMITED HERBICIDE RESEARCH

At one time, a number of researchers were
conducting herbicide studies in forest nurseries.
Trials were conducted in Alabama, Connecticut,
Idaho, Indiana, New York, and Oregon. Trials
were initially funded by the USDA Forest Service,
and then several forest companies sponsored
research at universities. The interest in funding
herbicide research declined and some researchers
moved to other, better funded areas of forestry.
Herbicide screening is now limited mainly to
nurseries who are members of nursery coopera-
tives in the South and Pacific Northwest. If
research on nursery weed control continues to
decline (due in part to company mergers, a
decline in artificial regeneration research at uni-
versities, and forest industry owning less land),
nursery managers may have fewer weed control
tools in the future.
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Table 1. Estimates of prices of various fumigation treatments and the increase in seedling production required to
justify the cost of fumigation (at a price of US$ 0.10/seedling).

Fumigant Active ingredient/haz
Methyl bromide (98%)—AQPS 448 kg
Chloropicrin under a tarp 336 kg

Chloropicrin plus 1,
3-D under a tarp

270 kg + 180 kg

1,3-D with no tarp 127 kg

Z Active ingredient/ac is 1 kg/ha = 0.9 lb/ac
Y Price per ac is US$ 100/ha = US$ 40.50/ac
XYield increase per ac is 1000/ha = 405/ac

Price/ha (US$)Y Yield increase

required per hax

3953 39,530
4200 42,000
4448 44,480

482 4,820

Economics

Opinions on the best alternative to QPS gas will
vary depending on both economics and the indi-
vidual’s job. In some cases, crop value will deter-
mine the best alternative (South and Enebak
2006). As the value of the crop (per ha) increases,
the rate (and cost) of the “best” treatment will
increase. Therefore, a manager who routinely
makes a profit of US$ 8000/ha (US$ 3,240/ac) will
likely use a more expensive fumigant than some-
one who makes a profit of only US$ 800/ha (US$
324/ac). Likewise, a manager that is required by
law to “break-even” (that is, no profit) will likely be
told (by a financial officer or lawyer) to select a
low-cost soil fumigation treatment. At some nurs-
eries, the cost of soil fumigation may exceed US$
4000/ha (US$ 1620/ac) (Table 1).

Some nurseries produce more than 20 million
seedlings annually and can afford to have a con-
tractor apply fumigants that are classified as
“restricted use pesticides.” Fumigants in this cat-
egory include methyl bromide, chloropicrin, and
1,3-D. In contrast, when the annual production at
some nurseries is less than 2 million seedlings, the
managers might not be able to afford to have pro-
fessional applicators treat only 1 or 2 ha (2.5 or 5
ac) of seedbeds. Therefore, some managers may
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decide to apply fumigants that are not classified
as restricted (for example, dazomet, potassium-
N-methydithiocarbamate, sodium methyl dithio-
carbamate). These fumigants may be applied by
personnel that do not have a restricted pesticide
license.

Summary

Some managers will use QPS gas to reduce or
prevent the shipment of noxious pests from bare-
root nurseries. Others might reduce their use of
CH;3Br by ceasing the production of bareroot
stock and by producing only container stock.
Some managers will continue to produce less
expensive bareroot stock by switching to alterna-
tive fumigants and increasing the use of herbi-
cides and nematicides. Some managers who want
to make a profit may decide to fumigate with
chloropicrin (336 kg/ha [300 Ib/ac]) under a tarp.
These managers will likely treat soil with 1,3-D if
the population of pathogenic nematodes exceeds
acceptable levels. Troublesome weeds (for exam-
ple, Cyperus spp.) will be controlled using effec-
tive herbicides on fallow ground, in cover crops,
and in seedbeds.
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ABSTRACT

Producing good quality seeds that perform well in the
nursery continues to be challenging. High quality
conifer seeds are obtained by optimizing collecting,
processing, storing, and treating methodologies, and
such quality is needed to consistently produce uniform
nursery crops. Although new technologies are becom-
ing available to evaluate seed quality, they have not
been developed to the extent that they replace the
more traditional methodologies developed over
decades of trial and error. The most reliable approaches
to predict nursery performance rely on obtaining high
seed quality, applying appropriate treatments, and con-
ducting germination evaluations that follow estab-
lished practices.

KEYWORDS
seed collection, seed processing, seed pathogens,
seed testing

Introduction

High quality seeds are essential for successfully
producing nursery crops that meet management
goals and perform well in the field. Uniformity in
the production of pine (Pinus spp.) seedlings pri-
marily depends on prompt and uniform germi-
nation, early seedling development, and a variety
of cultural practices that are applied as seedlings
develop. Most container nursery managers
should be able to maintain 85% or higher germi-
nation, and 90% or higher survival after the
emergence of the seedlings. Otherwise, oversow-
ing will be necessary, and the subsequent waste of
seeds will jeopardize efforts to produce high qual-
ity crops consistently and economically.

Meeting the goal of high levels of seed germi-
nation and seedling establishment requires con-
siderable care in collecting, processing, and stor-
ing seeds, and in applying appropriate
pregermination treatments. Seed maturity and
dormancy, as measured by speed of germination,
vary by species in southern pines. Collecting,
handling, and processing affects seed quality
(Barnett and McLemore 1970; Barnett 1976a).
Dormancy can influence the germination pattern
by slowing the initiation rate of germination, par-
ticularly in bareroot nursery beds where temper-
atures and photoperiods are often considerably
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less than optimal (McLemore 1969). It is neces-
sary, then, to understand the biology of the
species to be produced in the nursery.

The ability to correlate seed parameters to
nursery establishment and planting success has
been sought by managers of forest nurseries for
many decades. In recent years, new technologies
to evaluate the physiological conditions of seeds
have been developed and evaluated.

The objectives of this paper are to review prac-
tices needed to produce high quality, viable seeds
and to evaluate current and new technologies
that may increase our ability to predict seed per-
formance in the nursery. The overall goal is to be
able to consistently produce nursery crops that
meet management targets.

Producing Seeds of High Quality

There is a demand for large quantities of consis-
tently high quality seeds to meet the continuing
emphasis on reforestation. If seeds are not prop-
erly collected, handled, and stored, the result can
be poor quality. Viability may be reduced by 20%
to 30% by improper handling, making nursery
management difficult.

Numerous factors during cone collection and
seed processing can affect quality. The most
important of these are cone maturity and storage,
cone and seed processing, seed moisture content,
and storage temperatures. Unfavorable condi-
tions in any one of these areas can cause second-
ary seed dormancy, the reduction of storability,
or the immediate loss of viability.

Collecting and Processing Seeds

The initial germination of most conifer seeds
is directly related to cone maturity at the time of
extraction (McLemore 1959, 1975; Barnett 1976a;
Tanaka 1984). Cones are considered mature when
they can be easily opened at the time of collection
(McLemore 1959). In some species, however, seed
maturity may occur at a somewhat different time
from cone maturity. An after-ripening period
may be required to improve seed yields, but after-
ripening may not improve viability (Barnett
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1976a). Extended cone storage may also reduce
seed quality.

After extraction, seeds must be dewinged,
cleaned, and dried. These operations result in fre-
quent injury to seeds, and particular care should
be used in processing (Tanaka 1984). Precision
sowers, such as vacuum seeders, generally require
that there be fewer wings and less trash than con-
ventional sowing machines, so extra care should
be used in seed cleaning processes, or only seeds
of the highest quality should be purchased.

All empty seeds should be removed from lots
before use. This is the easiest means of upgrading
a seedlot. Normally, empty seeds are removed by
mechanical cleaning equipment,
scalpers and gravity, or pneumatic seed cleaning
equipment. When seedlots are small, however, as
in lots used for progeny tests, it is often conven-

including

ient to use flotation in water or organic solvents
to separate unfilled seeds (Baldwin 1932; Barton
1961; Barnett and McLemore 1970). Flotation in
most organic solvents should be delayed until just
before use. If the solvent is not thoroughly
removed in drying, seeds so treated may rapidly
lose viability in storage (Barnett 1971a).

Storing Seeds

Careful control of seed moisture content and
storage temperatures is essential to maintain via-
bility (Barton 1961; Jones 1966; Barnett and
McLemore 1970). General recommendations for
long-term storage of conifer seeds are to dry
seeds to 10% or less moisture content, and hold at
subfreezing temperatures. Seeds that are dam-
aged or are known to have low vigor can be pre-
served by drying to a moisture content of 8% to
10%, and lowering the storage temperatures to
about -18 °C (0 °F) (Kamra 1967).

Seed Sizing

The reported effects of seed size on germina-
tion and early seedling growth are conflicting.
The operational objective of sizing is to produce
a uniform crop of seedlings (Owston 1972).
Medium to medium-large seeds have been



reported to produce larger and more uniform
seedlings than smaller seeds (Ghosh and others
1976). Larson (1963) reported that, although
seed size can influence subsequent seedling size
when seedlings are grown under uniform condi-
tions, as in greenhouses, seed size has a more pro-
nounced effect on germination. Uniform speed of
germination may therefore be the most impor-
tant consideration in sizing. Recent tests under
laboratory conditions of minimal environmental
stress have shown that germinant size after 28
days of growth was strongly correlated with seed
size (Dunlap and Barnett 1983). The faster ger-
minating seeds in each size class produced larger
germinants after 28 days of incubation (Figure 1).
All seeds reached a maximum germination rate
by the sixth day, but smaller seeds were slower to
initiate germination (Figure 2). These results are
in agreement with Venator (1973), who found
that faster growing Caribbean pine (P. caribaea
var. hondurensis) seedlings tend to develop from
early germinating seeds. Consequently, seedling
size, and possibly uniformity of growth, are pri-
marily functions of germination patterns, which
are partially determined by seed size.

Reducing Seed Coat Pathogens

Seeds of some conifers carry large quantities of
microorganisms that may be pathogenic when
seed vigor is low. For example, the seeds of long-
leaf pine (Pinus palustris) are large and have
fibrous coats, and are often populated with path-
ogenic spores (Pawuk 1978; Fraedrich and
Dwinell 1996). Results have shown that longleaf
seedcoats carry pathogenic fungi that not only
reduce germination, but also result in significant
seedling mortality (Barnett and others 1999).
Study results have shown that treating seeds with
a sterilant or fungicide prior to sowing can
improve both germination and seedling estab-
lishment (Barnett 1976b; Barnett and Pesacreta
1993; Littke and others 1997).
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Figure 1. Mean daily germination of loblolly pine seeds from
the large, medium, and small size classes (Dunlap and Bar-
nett 1983).
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Figure 2. Mean hypocotyl length of loblolly pine germinants
of different germination dates 28 days after germination
(Dunlap and Barnett 1983).

Presowing Treatments

Conventional Seed Treatments

After seeds of high quality have been obtained
and stored, they must be properly prepared
before sowing. Overcoming seed dormancy is one
of the major steps to ensure prompt and uniform
germination. Presowing treatments to speed ger-
mination are discussed in detail by several
authors (Allen and Bientjes 1954; Bonner and
others 1974; Tanaka 1984). Typically, moist chill-
ing (stratification) is done after an 8- to 24-hour
period of moisture imbibition. Fully imbibed
seeds are placed in polyethylene bags and held at
temperatures of 1 to 5 °C (34 to 41 °F). Tempera-
tures below freezing may injure imbibed seeds
(Barnett and Hall 1977), while those above 5 °C
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(41 °F) may result in germination during stratifi-
cation.

The duration of stratification varies by the
extent of dormancy present in the seeds. The rec-
ommendation for most species is a period of 30
days or less (Krugman and Jenkinson 1974).
However, chilling of some pine species beyond 30
days markedly increases the speed and uniformi-
ty of germination (Allen 1960; McLemore and
Czabator 1961; Boyer and others 1985). Longer
chilling periods have been resisted by many nurs-
ery managers because some seeds may begin to
germinate before the chilling needs of others are
met. This precocious germination can be mini-
mized by carefully controlling the treatment tem-
perature. Under proper conditions, germination
of more dormant pine species will not occur dur-
ing 45 to 60 days of moist chilling, and the longer
treatments can markedly increase the speed and
uniformity of germination.

Uniformity in the production of seedlings is
determined primarily by prompt and uniform
seed germination and early establishment. Seeds
germinating over an extended period have greater
mortality during establishment and result in
lower grade seedlings (Table 1).

Less Common Presowing Treatments

Through the years, techniques other than
stratification have been investigated in an
attempt to accelerate the dormancy-breaking
process or obtain desirable germination patterns
in a more efficient manner. Many of these tech-
niques have shown little practical application.
Three methods that have been used to meet par-
ticular needs will be discussed.

Aerated Water Soaks

Soaking seeds in aerated water is a technique
that is frequently used for overcoming dormancy.
Soaking pine seeds in continuously aerated water
at 5 °C (41 °F) has increased the speed of germi-
nation as well as conventional moist chilling
(Barnett 1971b). Aerating seeds at 10 °C (50 °F)
stimulated germination as much as colder soaks,
and did so in less time. Although very dormant
seeds can be soaked at low temperatures for near-
ly 5 months without harm, periods of up to 60
days are usually sufficient. With less dormant
seeds and higher soaking temperatures, it may be
necessary to shorten periods to 2 to 3 weeks to
prevent premature germination or induction of
secondary dormancy. The water must be aerated
continuously to keep the oxygen content near sat-
uration.

Table 1. Mortality and seedling size of shortleaf pine (Pinus echinata) seedlings at lifting, as related to time of
germination, averaged across 6 half-sib lots and stratification treatments (Barnett 1993).

Time after sowing

Germination per week Mortality of germinants

Seeding size?

Days Week Percentage Percentage Height (mm)  Diameter (mm)
8-10 1 6 12 157 4.1

13-17 2 52 13 160 4.0
20-24 3 30 18 144 3.5
27-31 4 10 27 118 3.1
34-38 5 2 56 115 2.7

225.4 mm=11n
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Although lengthy aerated soaks are feasible, they
are not usually used because there is less confi-
dence in the system. Lengthy treatments are best
applied by moist chilling techniques. Aerated
soaks are used in instances where insufficient
time is available to stratify seeds.

Priming

Another technique that may result in more
prompt and uniform germination is priming. In
priming, seeds are incubated at optimum germi-
nation temperatures, but prevented from germi-
nating by limiting the amount of moisture
imbibed. Osmotic solutions, particularly polyeth-
ylene glycol (PEG), have been widely used to
prime agricultural seeds (Bodsworth and Bewley
1981). Seeds are allowed to absorb moisture, but
not to the level required for germination.
Although Simak (1976) found that an 11-day
treatment of Scots pine (P. sylvestris) seeds with a
PEG solution (-800 kPa) improved germination,
similar experiments by Fleming and Lister (1984)
and Haridi (1985) provided variable results
depending upon species and seed sources. Malek
(1992) found that priming of black spruce (Picea
mariana) seeds using PEG solutions was less ef-
fective than soaking in aerated water.

Solid matrix priming (SMP) uses another
approach to limit moisture imbibition by seeds.
In SMP, seeds are typically exposed at low tem-
peratures to solid matrices with different water-
holding capacities, such as sphagnum, cat litter,
peat moss, or combinations of fine grades of
sand. The results are again mixed, depending on
species and seed source. Wu and others (2001)
found that SMP treatments to loblolly pine
(Pinus taeda) seeds after moist chilling improved
the rapidity, synchrony, and completeness of ger-
mination. Ma and others (2003) reported that 4
fir species (Pacific silver fir [Abies amabilis], sub-
alpine fir [A. lasiocarpal, grand fir [A. grandis],
and noble fir [A. procera]) responded positively
to SMP treatments. Feurtado and others (2003),
however, found that western white pine (Pinus
monticola) seeds did not respond to SMP as

much as to conventional cold-water soaking.
Consequently, due to inconsistent results, prim-
ing has not become a widely accepted presowing
treatment for forest tree seeds.

Germinant Sowing

The principles involved with presowing treat-
ments to speed germination are carried farther in
the concept of germinant sowing. Managers of
most container nurseries attempt to produce one
tree per container cell. Sowing a germinant into
each cell significantly improves the efficiency of
the operation. Unless seed quality is very high,
the traditional approach is to sow multiple seeds
per cell, and thin cells that have more than one
seedling. Germinating seeds prior to sowing and
sowing only germinated seeds is one approach to
increasing uniformity of seedling establishment.
Barnett (1983, 1985) adapted the concept of fluid
drilling (sowing germinants in a viscous gel) to
southern pine species. The purpose of the gel is to
protect the radicles of seedlings during sowing.

The key to success of germinant sowing is the
capability to sort germinants from dead or non-
germinating seeds. Normally, germinants will
have a lower specific gravity than non-germi-
nants, and separation can be accomplished by
using a sugar solution (Taylor and others 1977).
South and Young (1995) report that sowing ger-
minants to improve seed efficiency is used opera-
tionally in South Africa. With their Eucalyptus
and Pinus spp., separation is achieved by adding
sugar to water until the germinants float to the
top of the solution. Equipment has been devel-
oped in South Africa to mechanically sow these
germinants into container cells.

A limitation of the application of germinant
sowing to southern pines relates to the difficulty
in sorting germinants from non-germinants. Bar-
nett (1985) found that density sorting of seeds
from species such as loblolly (P. taeda) and lon-
gleaf pines did not work, due either to seed den-
sity or seedcoat nature.
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Although germinant sowing of coniferous seeds
has not been widely accepted in the US, sowing ger-
minants of oak (Quercus spp.) or walnut (Juglans
spp.) species has been recommended and used in
small scale operations (USFS 1948; Davis and oth-
ers 2004). Germinating acorns and walnuts before
sowing can be a beneficial practice for small-scale
nursery culture and direct seeding operations.

Methods to Upgrade Quality of Seed Lots

The ultimate goal of techniques to improve seed
quality, such as winnowing (commonly used for
millennia), is the capability to separate filled dead
from live seeds. For decades, the most effective
means of improving pine seeds has been to
remove all unfilled seeds, and then separate dam-
aged or poorly developed seeds from filled seeds.
Technology to accomplish these tasks has been
based on seed flotation or the use of mechanical
equipment. Aspirator and specific gravity table
techniques work well for many tree species, but
the most effective quality improvements have
been achieved by density separation processing.

Technology to improve seedlot performance is
particularly needed for species like longleaf pine
that typically have poor viability. Because con-
tainer nursery production has been widely adopt-
ed for this and other species, newer technologies
are being sought to assure that one live seed can
be sown in each container cell.

Three different approaches have been evaluat-
ed to achieve the goal of 100% germination (Bar-
nett and Dumroese 2006). But, is it possible to
determine which of 2 seemingly identical filled
seeds is dead, and which is alive?

Incubating-Drying-Separating (IDS) Technology

The IDS process is based on the principle that
water imbibed by live seeds is lost at a slower rate
than water imbibed by dead filled seeds when
both are subjected to uniform drying conditions.
Ideally, seeds can then be separated in a liquid
medium into a nonviable floating fraction and a
viable sinking fraction based on the resulting
density differences between the 2 fractions.
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Certain IDS procedures have been used for a num-
ber of years, and IDS can help separate nonviable
from viable seedlots of a number of northern
conifer species (Simak 1984; Bergsten 1987; Down-
ie and Wang 1992). This methodology has shown
limited success with southern pine species. Karrfalt
(1996) reported that his attempts using IDS to
remove fungus-damaged seeds of slash pine (P
elliottii) failed completely. Donald (1985) achieved
positive results with slash pine seeds in South
Africa, but that technique was of little value for
low-viability lots. McRae and others (1994) were
able to separate dead from live seeds of loblolly and
slash pine, but questioned whether an economic
advantage could be expected from the treatment.
Both McRae and others (1994) and Creasey (2003)
found that the wing stub of longleaf pine seeds cre-
ated flotation problems that prevented successful
application of IDS techniques.

Chlorophyll Fluorescence

Chlorophyll fluorescence (CF) is a nondestruc-
tive and instantaneous method to measure differ-
ences in plant function by assessing the magnitude
of CF signals. When chlorophyll molecules absorb
light during photosynthesis, a small portion of
that light is re-emitted, or fluoresced. Numerous
studies have used CF to measure photosynthesis
efficiency (Adams and others 1990). The same
principle was used to estimate seed maturation
(Ward and others 1995) and germination (Steckel
and others 1989; Jalink and others 1998).

Because longleaf pine seeds have large
embryos with considerable amounts of chloro-
phyll, we decided to evaluate CF as a method of
sorting for viability improvement. Chlorophyll
fluorescence was evaluated using SeedScan™
technology (Satake Corporation, Houston, TX).
The SeedScan™ is a tabletop seed-by-seed matu-
rity sorter that is designed to separate seeds based
on their germination potential (Satake Corpora-
tion 2002). Although CF is related to germination
in some species, no such relationship could be
demonstrated when scanning longleaf pine seeds
(Barnett and Dumroese 2006).



Near Infrared Spectroscopy

Near infrared radiation (NIR) is in the wave-
length range of 780 to 2,500 nm; 400 to 780 nm is
visible light, and above 2,500 nm is infrared. A
commercial breakthrough for NIR spectroscopy
came when it was shown that this technology
could be used to determine the protein content in
whole grains (Williams and others 1985).

Today, NIR technology is widely used not only
in chemical, pharmaceutical, and food industries,
but also in agriculture and wood technology
(Downy 1985). The main use of NIR spec-
troscopy within the field of seed science is quan-
tifying seed moisture content and chemical con-
stituents like proteins and oils (Norris 1988). It is
now being used as a quantitative tool that relies
on chemometrics to develop calibrations relating
reference analysis of the seeds or plant material to
that of the NIR optical spectrum. In other words,
germination data have to be correlated to the
measured spectrum on the same seeds.

Lestander (2003) has demonstrated the potential
of using multivariate NIR spectroscopy for conifer
seed classification. He found that filled viable and
nonviable Scots pine seeds could be separated with
an accuracy of >95%.

We evaluated NIR technology in both informal
tests with USDA Forest Service forest products sci-
entists and, more formally, with Seed Meister™
technology (Brimrose Corporation, Baltimore,
Maryland). The Seed Meister™ AOTE-NIR spec-
trometer is specially designed for high-speed dis-
crimination, quantification, and sorting of hybrid
agricultural seeds (Brimrose Corporation 2002a).
The scanning technology can determine oleic and
linoleic acid content in sunflower (Helianthus
spp.), and protein and oil content of soybean
(Glycine spp.) (Brimrose Corporation 2002b).
However, our tests with longleaf pine seeds show
no relationships among scanning spectra and ger-
mination potential (Barnett and Dumroese 2006).

Relating Results of Seed Tests to Performance
For decades, nursery managers and seed physiol-
ogists have sought techniques, generally with lit-

tle success, that would more accurately predict
seed performance in the nursery. Nursery germi-
nation is often poorly related to germination in
laboratory tests. This is probably due to less than
ideal environmental conditions and soil
pathogens. Efforts have been made to develop
vigor or stress tests that would enable the nursery
manager to predict performance more accurately.
Germination percentages, however, have re-
mained the accepted means of estimating per-
formance.

In an evaluation of the problem, Barnett and
McLemore (1984) found that laboratory germi-
nation tests performed on stratified seedlots pro-
vided the best predictors of nursery-tree yield for
dormant-seeded southern pines. To date, no con-
sistently reliable methodology has replaced labo-
ratory germination testing. The Association of
Official Seed Analysts (AOSA) has established
standardized germination testing by conducting
them under optimum light and temperature con-
ditions. These tests do not reflect germination of
dormant seeds on nursery beds where tempera-
tures and photoperiods are often considerably
less than optimal (Table 2). A technique to
improve prediction of seed performance is to
determine chilling needs under stress conditions
that relate to the nursery conditions where the
seeds are to be sown (Barnett 1993). Extension of
the prechilling period will minimize the effect of
the less than optimal nursery conditions on ini-
tial seedling development.

The results of the Barnett and McLemore
(1984) study indicate that germination percent-
ages provide a good prediction of nursery per-
formance for non-dormant seeds. Other germi-
nation related values, such as Czabator’s
germination value (Czabator 1962) that provides
an estimate of speed as well as completeness of
germination, did not improve the predictability
of performance.

Conclusions

The ultimate goal of techniques to improve seed
quality is the capability to sow filled, live seeds in
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Table 2. Effect of length and method of stratification on a mixed loblolly pine seedlot in 2 testing environments

(McLemore 1969).

Days of stratification

Percentage Value?

Tested at 16 °C (60 °F) with 11-hour photoperiod

0 <1 0.0
30 68 7.1
60 95 17.3
113 99 24.0

Tested at 22 °C (72 °F) with 16-hour photoperiod

0 96 20.8
30 99 37.6
60 99 47.1
113 100 50.3

Stratified in refrigerator at 1 °C (34 °F)

Stratified outdoors

Percentage Value
<1 0.0
59 6.0
91 11.4
98 19.6
96 20.8
98 41.8
99 47.0
99 56.3

Z Germination values represent the speed and completeness of germination (Czabator 1962).

a consistently uniform manner. Once seeds of the
highest quality are produced, stored, and treated,
the ability to predict nursery and field perform-
ance is greatly improved. Unfortunately, nursery
managers often must use seeds of less than opti-
mum quality. It then becomes important that
nursery managers understand the biology of the
tree species with which they work.

Through the last 6 or 7 decades, seed special-
ists and nursery managers have developed
methodologies that have been proven to produce
good nursery crops. Frequently, however, nursery
production is adversely affected by poor seed
quality. In the past decade, a number of new tech-
nologies have become available to seed specialists.
Although a number of these have potential, none
have replaced the basic technologies of seed pro-
cessing known for decades.

It is important that the state-of-the-art seed
processing information on species of interest is
made available to nursery managers. It is challeng-
ing to inform and train managers responsible for
growing numerous conifer and hardwood species
because of the scope of knowledge needed.
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ABSTRACT

Concentrations of methyl isothiocyanate (MITC) and
chloropicrin (CP) in air spaces of nursery soil and in air
at the soil surface following fumigation were deter-
mined in field trials in a Wisconsin and a Georgia nurs-
ery. MITC was measured in plots receiving either
dazomet or co-application of metam sodium and
chloropicrin; CP was measured in the latter plots. Soil
surfaces were sealed with either a high density polyeth-
ylene tarp or by surface compaction and maintenance
of a water seal following fumigation. Findings from the
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Wisconsin trial are highlighted. A very small percentage
(< 3%) of the applied MITC was lost to the atmosphere,
either through the plastic or water-sealed surfaces dur-
ing the 14 days following treatment. For CP, 10% and
22% of the applied equivalent were calculated to have
been lost to the atmosphere in the plastic-covered and
water-sealed plots, respectively. Low MITC air emissions
and MITC presence deep in the soil profile in the
dazomet, water-sealed plots are partly attributed to
over-irrigation on 5 of the 7 days following fumigation
in Wisconsin. However, slightly higher, but still low,
emissions in similar plots without excess watering in
the Georgia nursery show that either surface contain-
ment method can be used in nurseries to reduce risk of
MITC emissions to nearby seedling crops or harm to
humans in nearby fields. The use of plastic tarps
increases death rates of Fusarium propagules by main-
taining higher chemical levels in the soil profile over
time; however, dazomet has been used with water-seal
treatment to give consistent, satisfactory control of
soilborne pests in nurseries in the northern US.

KEYWORDS
dazomet, metam sodium, methyl bromide alternatives,
soilborne pests, disease control



Introduction

The production of methyl bromide (MB) for
routine soil fumigation is being phased out in
anticipation of a full ban on its use for this pur-
pose in the future. Recently, bareroot soils in
some forest nurseries have been fumigated with
MB by meeting the criteria for Critical Use
Exemption and/or Quarantine and Pre-Shipment
Uses. With the impending loss of MB, nurseries
require economical, effective, and practical alter-
natives to the chemical in order to produce need-
ed quantities of high quality tree seedlings.

Two promising chemical alternatives are
dazomet for northern US nurseries (Borken-
hagen 1994), and co-application of metam sodi-
um and chloropicrin (CMS) for southern US
nurseries (Carey 2000). Because methyl isothio-
cyanate (MITC) is the primary breakdown prod-
uct from both chemicals, however, seedling dam-
age and mortality in adjacent fields has been
attributed to these alternative fumigants
(Scholtes 1989; Carey 2000; Buzzo 2003). Collat-
eral seedling damage was observed with CMS in
an east Texas location when a temperature inver-
sion occurred within 24 hours of the fumigation.
The observed damage and subsequent attribution
of the damage to “out-gassing” of MITC also
raised concerns about possible toxicity to nursery
workers in nearby fields. However, the surface
containment methods associated with the report-
ed “out-gassing” events appeared to be less than
the minimum recommended for the products
used based on available, published information.
For example, manufacturer guidelines for
dazomet fumigation state that the soil moisture
at time of fumigation should be between 60%
and 80% of maximum water-holding capacity.
Immediately following fumigant incorporation,
the soil surface is to be compacted with a roller
and irrigation water applied daily during the first
week in the amounts specified for Basamid” by
Pennington (1995).

Amounts of MITC and CP that escape into the
atmosphere after fumigation of forest nursery
soils have not been published. Knowledge of gas

movement through the soil profile to the surface
is also lacking. Field studies were therefore initi-
ated in a Wisconsin and a Georgia nursery by a
team of soil scientists and plant pathologists to
evaluate the potential for phytotoxicity and
human toxicity in nearby fields following fumi-
gation with either dazomet or CMS. The specific
objectives were to measure: 1) soil gas concentra-
tions and distribution patterns of MITC and CP;
2) emission flux and total emission loss of MITC
and CP from treated nursery soil plots; and 3)
levels of soilborne pathogens before and after
treatment. Full results of these studies have been
published in scientific journals (Wang and others
2005; Wang and others 2006) and readers are
referred to these papers for in-depth findings. A
synthesis and the author’s interpretation of the
key findings of these studies are presented in this
paper. Although the focus is on results from the
Wisconsin nursery, selected findings from the
Georgia nursery are useful in the interpretation
of the Wisconsin results.

Methods

Study Sites

Field studies were conducted in 2002 at the
Hayward Nursery, Hayward, Wisconsin, and in
2003 at the Flint River Nursery, Byromville, Geor-
gia. Soils in the fumigated fields at each nursery
were loamy sands (average 86% and 88% sand in
the upper 30.5 cm [12 in] of soil, Georgia and
Wisconsin nurseries, respectively) with low
organic carbon (< 1.1% and 1.4%, Georgia and
Wisconsin, respectively).

Experimental Design

Four treatment combinations were used,
including combinations of dazomet or co-applica-
tion of chloropicrin and metam sodium, and 2
surface containment treatments (high density
polyethylene tarps or surface compaction and
maintenance of water seal per Pennington [1995]).
A randomized complete block design with 4 repli-
cations was used in each of 2 field sections, that is,
water-sealed versus plastic-sealed sections.
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Chemical Treatment Specifications

Dazomet (Basamid®)

In Wisconsin, both 336 kg/ha (300 Ib/ac)
(incorporated with rotary tiller for maximum
depth of incorporation at 13 to 15 cm [5 to 6 in])
and 448 kg/ha (400 Ib/ac) (incorporated with a
spading machine with maximum depth of incor-
poration at 20 to 23 ¢cm [8 to 9 in]) rates of the
product were applied. In Georgia, 560 kg/ha (500
Ib/ac) product was applied and rototilled to a 20
cm (8 in) depth.

Metam Sodium (Vapam®)

In Georgia and Wisconsin, 700 1/ha (75 gal/ac)
rate of metam sodium was sprayed on the soil
surface and incorporated by tillers to the maxi-
mum depth possible (13 cm [5 in] in Wisconsin;
20 cm [8 in] in Georgia).

Chloropicrin (Chloro-0-Pic®)

The chloropicrin treatment occurred no later
than 2 hours after application of the metam sodi-
um. Shank injection of 112 kg/ha (100 1b/ac) of
chloropicrin was done to a 20 to 25 cm (8 to 10
in) depth in both nurseries.

Sampling and Measurements

Rain gauges were installed inside and outside
the water-sealed plots to measure water delivered
via irrigation and rain at each location. Soil water
content was measured in the plastic-covered and
water-sealed plots at multiple depths using time
domain reflectrometry (Wang and others 1998).
Air and soil temperatures were measured in tarped
and water-sealed plots using an automated ther-
mocouple system (Wang and others 1998).

In both locations, atmospheric emissions of
MITC and CP were measured with passive flux
chambers modified from heavy-duty aluminum
trays (25 x 48 x 15 cm [10 x 19 x 6 in]). To cap-
ture volatilized MITC and CP, air was drawn from
the chambers through activated charcoal (for
MITC) and polymer-based XAD tubes (for CP)
at various times following fumigation.
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Multiple port soil air sampling probes were
used to sample MITC and CP concentrations at
various depths in the soils of the treated plots.
The probes were made with 127-cm (50-in) alu-
minum pipes fitted with 10 PTFE tubes. A 10-
port air sampler was used to simultaneously
withdraw air samples from each of the 10 tubes
on the sampling probes.

Soil samples for fungal assay were taken from
all plots the day before and 4 weeks after fumiga-
tion using a lined, tube sampler. Ten cores per
plot were collected, each core sectioned sequen-
tially into 5-cm (2-in) increments, and increment
cores composited by depth for a plot.

Sample Analyses

Analyses of air emission and soil gas samples
were made using a gas chromatograph with an
electron capture detector and a nitrogen-phospho-
rous detector connected to a headspace auto-sam-
pler. Separate capillary columns were used for
MITC and CP. The amount of each chemical cap-
tured from each sample tube was quantified in the
capture detector. Calibration standards were rou-
tinely run for each chemical. Collected soil sam-
ples were assayed for Fusarium spp. using the tech-
nique of soil dilution plating onto selective media
in Petri dishes (Juzwik and others 1999).

Results

Chemical Levels in Soil Air

The highest concentrations of all 3 chemicals
in the top 20 to 36 cm (8 to 14 in) of soil occurred
during the first 3 days after soil fumigation in the
plots with plastic-sealed surfaces (Table 1). In the
rolled and water-sealed field section, peak con-
centrations of MITC from dazomet were found at
a greater soil depth (20 to 51 cm [8 to 20 in]) than
the depths for the peak MITC levels in the CMS
plots (0 to 36 cm [0 to 14 in]). The time periods
during which peak chemical concentrations were
found were quite variable with the longer time
periods associated with the metam sodium+
chloropicrin treatment in the water-sealed plots.



Table 1. Summary of methyl isothiocyanate (MITC) or chloropicrin (CP) detected at various depths below soil sur-
face and over time (days) in plots receiving fumigation x soil surface treatments in the Wisconsin nursery.

Treatment combination?

Chemical

measured
Dazomet/spade/plastic MITC
Dazomet/spade/water MITC
Dazomet/rotary tiller/water MITC

Metam sodium/rotarty tiller/plastic ~ MITC
Chloropicrin/rotary tiller/plastic cp

Metam sodium/rotary tiller/water MITC
Chloropicrin/rotary tiller/water cp

Z See methods section for full description of treatments
lin=2.5cm

Maximum Chemical Concentrations Detected

Soil depth Amount Time period

(in) (mg/m3) (after fumigation)
2to 8 150 to 550 2 hr to 3 days
8to 18 50 to 300 6 hr to 6 days
8to 20 50 to 150 6 hr to 3 days
2to 12 120 to 420 <30 hr

Oto 14 1500 to 11,500 <30 hr

0to 14 50 to 350 6 hr to 7 days
4to 14 1000 to 5000 3 hr to 7 days

Chemical Levels in Atmospheric Emissions

The highest level of MITC emissions to the
atmosphere (as measured by flux, that is,
ug/m?/second) occurred in the CMS plots (Table
2). These peak emissions occurred over a longer
time period for the plastic-covered plots com-
pared to the water-sealed plots. The maximum
CP flux to the atmosphere occurred between day
1 and day 4 after fumigation, regardless of surface
treatment. CP flux was highest in the water-
sealed plots. MITC emissions from dazomet/
water-sealed plots were very low (Table 2).

A very small percentage (< 3%) of the applied
equivalent of MITC was lost to the atmosphere,
either through the plastic or water-sealed surface,
during the 2-week period following soil fumiga-
tion. For CP, 10% and 22% of the applied equiv-
alent were calculated to have been lost to the
atmosphere in the plastic-covered and the water-
sealed plots, respectively.

Fusarium spp. Occurrence in Soil

Prior to soil fumigation, Fusarium spp. were
commonly present in the 4 replicate soil samples
of all study plots in the upper 21.5 cm (8.5 in) of
soil (Table 3). Lower incidences of Fusarium spp.
occurrence were found in soil from lower depths
(between 21.5 and 42 cm [8.5 and 16.5 in]).
Fusarium spp. levels in post-treatment samples
from the top 21.5 cm (8.5 in) in the soil profile
differed by treatment combination. Fungal
occurrence was lowest and similar in the dazomet
and the metam sodium+chloropicrin plots where
plastic covered the soil surface (P < 0.02). Little
reduction in Fusarium spp. occurrence between
pre- and post-treatment samples was found for
the dazomet/rototilled/water-sealed and the
metam sodium-+chloropicrin/rototilled/water-
sealed plots.

Irrigation and Rain Water Levels

The amount of irrigation water delivered to the
water-sealed plots daily exceeded the intended tar-
get amount on days 2 through 7 following soil
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Table 2. Summary of emission flux of methyl isothiocyanate (MITC) and chloropicrin (CP) over time through 2 sur-
face treatments following soil fumigation with dazomet and co-applied metam sodium+chloropicrin in the Wiscon-

sin nursery.

Treatment combinationz

Dazomet/spade/plastic
Dazomet/spade/water

Dazomet/rotary tiller/water

Metam sodium/rotary tiller/plastic

Chloropicrin/rotary tiller/plastic

Metam sodium/rotary tiller/water

Chloropicrin/rotary tiller/water

a See methods section for full description of treatments

Chemical
measured

MITC
MITC
MITC

MITC
cp

MITC
cp

Maximum chemical emission

Flux rate

(ng/m?/sec)

1to3
<1
negligible

2.5to0 25
5to0 15

<25
410 64

Time period
(after fumigation)

1to 5 days
2 days
6 hr to 3 days

1to 3 days
1to 4 days

1to 2 days
1to 4 days

Table 3. Incidences of Fusarium spp. isolation from replicate soil samples by soil depth and treatment before and
after soil fumigation in the Wisconsin nursery.

Soil Depth

(inches) D/SP/W
Oto3 ++++Y
3to 5.5 -
5.5t0 8.5 +++
8.5t011 - -
11to 14 +---
14 to 16.5 +---

++++

++++

++++

+++ -

+++ -

++++

++++

+ ===

++ - -

++++

++++

++++

+ ===

+-=--

++ - -

Pre-fumigation assay by treatment?
D/SP/P D/RT/W CMS/RT/W CMS/RT/P

++++

++++

+++ -

+---

D/SP/W

+++ -

++ - -

+ ===

+---

Post-fumigation assay by treatment
D/RT/W CMS/RT/W MSC/RT/P

D/SP/P
++ - -
+ ---

+---

++++

++++

++++

+-=--

++++ ++- -

++++

++ - -

+ ===

+ ===

Z Treatment descriptions: D/SP/W = dazomet/spade/water-seal; D/SP/P = dazomet/spade/plastic-seal; D/RT/W = dazomet/rotary tilled/water-seal;
CMS/RT/W = chloropicrin/rotary tilled/water-seal; CMS/RT/P = chloropicrin/rotary tilled/plastic-seal. See methods section for futher details.

Y + = Fusarium spp. isolated; - = no Fusarium spp. isolated from a replicate soil sample.

lin=2.5cm
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fumigation (Table 4). Negligible rainfall was re-
ceived on 2 of the first 7 days following fumigation.

Discussion

With both surface treatments used in the Wiscon-
sin and Georgia studies, more than 70% of total
cumulative emissions of either MITC or CP
occurred within 1 week of fumigant application.
The final cumulative MITC emission losses
accounted for a very small percentage of the
equivalent MITC applied as either dazomet or
metam sodium. This may be partly due to accel-
erated rates of MITC degradation in the soil. The
short duration and the negligible levels of MITC
emission from water-sealed plots is likely due, in
part, to accelerated transformation of product to
MITC in the first case and percolation of product
to greater depths resulting in lower emissions in
the second case. The excessive irrigation in the
water-sealed plots in the Wisconsin nursery, thus,

must be considered in the interpretation of the
air emissions results. The fungal presence data
suggests that concentrations of MITC in the
upper 21.5 cm (8.5 in) of soil in the water-sealed
plots were not sufficient to kill most Fusarium
propagules. In addition, the recorded emissions
of MITC in the Georgia nursery study are helpful
in interpreting the Wisconsin MITC emissions
results. Specifically, the percentages of applied
equivalent of MITC lost to the atmosphere in
dazomet/water-sealed plots in Wisconsin were
one-tenth that of emissions in similar plots in the
Georgia nursery (Table 5), supporting the inter-
pretation that excess irrigation water was partly
responsible for the very low emissions. Regardless
of the irrigation water issue in the Wisconsin
study, the very small percentage of MITC lost to
the atmosphere through either surface treatment
is not likely to result in damage to crops in adja-
cent fields and is much below the level known to

Table 4. Amount of irrigation and rain water measured in treatment plots during the 7 days following soil fumiga-

tion in the Wisconsin nursery.

Number of days after

Amount (in) of Irrigation Water

Amount (in) of

fumigation Rain Water
Targeted Actual

0 3/4to1 0

1 1/2 +1/2 0

2 1/4+1/4 0

3 1/8 +1/8 12/3 0

4 1/8 +1/8 11/3 0

5 1/8 +1/8 <1/10

6 0 4/5 + 1 0

7 0 2/3+1/2 <1/10

Z Based on recommended irrigation schedule for Basamid= as outlined in Pennington (1995).

Y Indicates split irrigation (morning plus afternoon)
lin=2.5cm
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Table 5. Comparison of cumulative emission losses of methyl isothiocyanate following dazomet fumigation in

water-sealed plots at the Wisconsin and Georgia nurseries.

Nursery Treatment 2

Location

Wisconsin Dazomet / spading machine
Wisconsin Dazomet / rotary tiller
Georgia Dazomet / rotary tiller

Final Cumulative Emission
mg/m2 as percentage ¥

48 0.3
8 0.1
727 3.2

Z 450 kg/ac (400 lb/ac) dazomet incorporated to 20 to 23 cm (8 to 9 in) depth using a spading machine; 336 kg/ha (300
lb/ac) dazomet incorporated to 13 to 15 cm (5 to 6 in) depth using a rotary tiller; 560 kg/ha (500 lb/ac) dazomet incorporat-

ed to 20 cm (8 in) depth using a rotary tiller.

Y Assumed on a molar basis 100% conversion from dazomet to metam sodium (Kim and others 1994).

be a lethal threat to humans near fumigated fields
(Wang and others 2005).

Implications for Nursery Managers

Use of surface compaction plus a water seal or
plastic tarps delays and/or reduces the emission
of MITC to the atmosphere compared to situa-
tions where no water-seal or plastic is used when
fumigating with MITC-generating products.
Thus, either surface containment treatment can
be used by nursery managers to reduce risk of
MITC emissions that could cause damage to
nearby seedling crops or harm to humans.

The use of either surface containment method
in operational fumigation would also increase the
concentration, over time, of MITC in the soil and
result in reduced populations of soilborne pests.
Careful attention, however, must be paid to irri-
gation water amounts used to maintain water
seals for dazomet fumigation. Too much water
can result in little to no efficacy in reducing fun-
gal populations in the soil. Logically speaking,
plastic tarp use eliminates concerns about excess
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irrigation water or significant rainfall events and
would maintain the chemical concentration over
a sufficient period of time to significantly reduce
levels of soilborne pests. With careful oversight
and planning, however, MITC generating prod-
ucts can be applied in such a manner to give con-
sistent and satisfactory control for soilborne pests
in nurseries in the northern US (Borkenhagen
1994; Juzwik and others 2002).
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The Hayward State Nursery, Wisconsin grows
more than 40 species from seeds. Up to 6000
bushels of raw unprocessed tree and shrub seeds
are collected each year, and all seeds are collected
in Wisconsin or adjacent states. All white spruce
(Picea glauca) and some white pine seeds (Pinus
strobus) are collected from orchards containing
genetically improved material.

Most seeds are purchased through a state seed
purchasing program, which allows collection from
almost 1000 citizen collectors statewide. This pro-
gram has been a very good vehicle for generating
public interest and knowledge in forestry.

Fall Hardwoods

Oaks

Acorns are collected as soon after falling as
possible, and samples are cut to test for viability.
Red oak (Quercus rubra) acorns are collected
without caps and floated to separate bad acorns
from good. White oak (Quercus alba) acorns are
stored below 4 °C (40 °F) to retard radical
growth, or sown as soon as possible.



All acorns are turned every few days in the
cooler.

Sugar Maple

Sugar maple (Acer saccharum) are dried until
wings are brittle, and wings are then removed.
Seedlots are run through a crippen to remove
trash and hollow seeds, and allowed to dry to 6%
moisture content for storage up to 3 years. Seeds
per pound are calculated, and a cut test is done to
determine good seeds per pound.

Other Hardwoods

Aspen (Populus spp.), black cherry (Prunus
serotina), walnut (Juglans spp.), butternut
(Juglans cinerea), birch (Betula spp.), ash (Fraxi-
nus spp.), and basswood (Tilia americana) are
processed as needed for seeding or storage.

Spring Hardwoods

Red Maple

Red maple (A. rubrum) seeds are collected and
dried until wings are brittle; wings are then
removed. Seedlots are run through a crippen to
remove trash and hollow seeds. Seeds per pound
are calculated, and a cut test is done to determine
good seeds per pound. Seeding by machine takes
place as soon as possible.

River Birch, Silver Maple

Seeds per pound are calculated for river birch
(Betula nigra) and silver maple (A. saccharinum),
and a cut test is done to determine good seeds per

pound. Machine or hand sowing is done as soon
as possible.

Fall Conifers

Cones are stored dry, and turned every few days
or spread out to prevent heating. Seed extraction
begins in late November; only one species is
extracted at a time. The cone kiln is run at
approximately 59 °C (138 °F). The time in the
kiln depends on species and results. Some species
need to be re-wetted and rerun to extract most of
the seeds.

Seeds and trash from the kiln are thrashed for
a predetermined time to remove wings without
damaging seeds. (Spent cones are offered for sale
to the public following extraction.) A crippen
fanning mill is used to separate seeds from trash.

Seeds are dried to 6% moisture content, with a
sample taken just before storage for germination
testing. Follow-up germination testing is done
every other year until the seeds have all been used
or seed viability declines.

Seeds are stored in plastic bags in 114-L (30-
gal) foil-lined paper barrels at -7 °C (20 °F). All
inventory records are updated at the end of the
extraction process.
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Seed Collection

Planting tree seeds at the Pennsylvania Depart-
ment of Conservation and Natural Resources
Penn Nursery, Spring Mills, Pennsylvania occurs
in spring and fall. Seeds acquired for these plant-
ings come from 3 sources. The first source is our
own orchards, which were developed to provide
“improved” seeds. Improved seeds are produced
from scion material collected from trees selected
for various characteristics and grafted onto root-
stock. The second source is from general collec-
tions that are collected by forestry personnel
from various forest districts. We have developed a
barter system with these districts; they receive
credit from our wooden and plastic sign shops for
any seeds they bring in. The third source of seeds
is from privately owned seed companies, which
we use only when the other 2 sources do not meet
our needs.



Record-keeping

All seeds, no matter the source, are given individ-
ual lot numbers upon arrival. A record is kept of
the species, date, amount of seeds, county and
township where collected, who made the collec-
tion, and the GPS coordinates. This is to ensure
that the seedlot can be traced back to its source of
origin if needed.

Seed Storage

Seeds are placed in our cold storage locker, which
is kept between 1 and 2 °C (33 and 36 °F). Any
excess seeds (not sown in the nursery beds) are
kept in this cold storage for future use during
years having poor seed crops. These cold temper-
atures reduce the rate that the seeds deteriorate
over time, keeping their viability as long as possi-
ble. Some of our conifer seeds have retained a cer-
tain amount of their viability up to 30 years at
these temperatures.

Various containers are used for storage,
depending on species and size of seeds. Large
seeds, such as walnut (Juglans spp.) and acorns
(Quercus spp.), are kept in 70-L (2-bushel) tubs.
These species do not store well, and are discarded
after the required amounts are sown; new seeds
are acquired yearly. Large quantities of smaller
seeds are kept in plastic carboys and placed on
shelves. Smaller quantities of seeds are placed in
plastic bags and stored in metal containers. All
bags, carboys, and metal containers are marked
with the seedlot and container number. These are
recorded in the seedlot record books to ensure
easy identification.

The only seeds we currently store in a freezer
are aspen (Populus spp.). They are kept in small
plastic jars and placed in a chest freezer located
inside the cold storage.

We do monitor the moisture content of our
conifer seeds using an Ohaus ™ moisture meter. A
10 g (0.35 oz) sample is placed on the pan and
heated for 22 minutes, at which time a reading is
taken. A moisture percentage between 6% and
9% is desired for storage.

Seed Testing

As previously stated, our sowing occurs in spring
and fall. Certain information is needed in deter-
mining the amount of seeds needed to be sown in
order to acquire the desired quantities and densi-
ties of seedlings in the nursery beds. This infor-
mation includes purity, seeds per pound, and ger-
mination percentage.

The first step is to obtain a good sample of
seeds for testing. For seedlots stored in carboys, a
seed trier is used. The seed trier allows samples to
be drawn from the top to bottom of the contain-
er, yielding a truly representative sample. For
small lots of seeds or large-sized seeds, samples
are taken by hand.

To determine purity and seeds per pound, seed
size determines the size of the sample: 50 seeds
are sampled for very large seeds, such as acorns
and walnuts; 10 g (0.35 oz) are used for large
seeds, such as white pine (Pinus strobus), sugar
maple (Acer saccharinum), white ash (Fraxinus
americana), and so on; a 5-g (0.18-0z) sample is
taken for medium seeds like white spruce (Picea
glauca); and a 1-g sample is used for small seeds.

Purity

To determine purity of a seedlot, a representa-
tive sample is weighed, and then seeds are sepa-
rated from impurities. Total weight of the seeds,
in grams, is recorded, and then divided by the
total weight of seeds plus the weight of impuri-
ties, multiplied by 100.

Seeds Per Pound

To obtain the number of seeds per pound, the
number of clean seeds in the sample is multiplied
by 453.6 g and divided by the total weight of
seeds plus impurities in grams.

Seed Viability

The last test, which can be done several ways, is
to determine seed viability. The preferred method
is a germination test. We use a Pfeiffer germinator
(JP Pfeiffer and Son Inc, Baltimore, Maryland),
which simulates the daily fluctuation of tempera-
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ture and light found in nature. We use a 10-hour
photoperiod with the temperature ranging from
20 to 28 °C (68 to 82 °F). For this test, we use 4
Petri dishes per seedlot. A piece of Kimpak™ is
placed in the bottom of the dish to hold moisture.
A piece of blotter paper is then placed on top with
the seedlot and container number written using a
china marker. One hundred seeds are counted
out and spread out on the blotter paper, making
sure none of the seeds touch each other. This is
replicated 4 times for each seedlot, with a total of
400 seeds per test. Seeds are kept moist and
checked once a week for 4 weeks. Each week, any
seed with a radical emerged to one half the length
of the seed coat is considered to be a viable seed.
These seeds are then counted and discarded. At
the end of the 4-week period, the 4 samples are
averaged for the germination percentage of that
seed lot.
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Some species may require stratification before
testing. A cover is placed over the Petri dish, and
they are placed in a refrigerator for the required
amount of time before being put in the germinator.

When new seeds are received and sowing
needs to occur immediately, we can’t wait a
month for results. In this case, a cutting test or x-
ray is performed on the seeds to determine the
filled seed percentage in the lot. A sample of 50 to
100 seeds is taken, depending on seed size. Seeds
are cut longitudinally or x-rayed to see if the
cotyledon fills the seed and has a healthy embryo.

Throughout the process of receiving seeds, it is
very important that accurate records are kept for
the storage, testing, and planting in the nursery
beds. Seedlots should never be mixed so their
source can be tracked for future reference.
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The New York State Department of Environmen-
tal Conservation Saratoga Tree Nursery main-
tains over 120 ha (300 ac) of seed orchard and
seed production areas. With the help of New York
State Corrections crews, cones and fruits of
desired species are collected when ripe. Cones
and fruits are transported back to the nursery,
assigned a seedlot number according to species,
stored on drying racks for about 3 months, and
processed in the seed extractory located at the
facility. All corresponding data is recorded for
each seedlot; all germination tests are performed
by nursery staff.

Seed Record Sheet

A Seed Record Sheet (Figure 1) is completed for
each seedlot, recording information pertaining to
species, origin of cones or seeds, extraction data,
storage data, and seed test summary.

Conifer Seed Testing

Recommended procedures for seed testing at the
Saratoga Tree Nursery are based on Heit and Elia-
son (1940) and have been modified slightly to
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NEW YORK STATE DEPARTMENT OF ENVIRONMENTAL CONSERVATION

SEED RECORD

SPECIES
Common Name Scientific Name Variety or Strain
SEEDLOT NO. S.0. FILE NO. S.P.A. FILE NO. S.C.A FILE NO.
Received From
Date Received
Total Cones in Lot hls Total Seed in Lot kg gm
bus b oz
ORIGIN OF CONES OR SEEDS
Collected by Date
Place Collected
Country State or Province Locality
Region, Area, Proposal
Altitude meters feet
How Collected: Standing Trees Felled Trees Ground
Squirrel Cache
Age of Seed Trees
Volume of Cones or Seeds in Lot as Stated by Vendor or Collector
Volume of Cones or Seeds in Lot as Measured by Nursery
Current Seed Crop: Light Medium Heavy
Remarks on Cones as to Insects, Disease, etc.
EXTRACTION DATA
Dates Extracted Extractory Operator
Air Dried Kiln Dried Kiln Temp. No. Hours in Kiln

Remarks on Extraction

STORAGE DATA

Date Seeds Bottled and Stored Storage Temp

Moisture Content Bottled and Stored by
Remarks on Storage

SEED TEST SUMMARY
Total Germination % in Days Purity
No. Seeds per Ib of Clean Seeds Weight of Sample gm
No. Seeds in Sample Weight of 1000 Seeds gm
Remarks
Test Date Tested By
Report Made by

LF-206 (2/75)

Figure 1. Seed record sheet for Saratoga Tree Nursery.
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Figure 2. Germination data sheet for Saratoga Tree Nursery.
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meet the needs and equipment of the nursery
seed extraction facilities. The recorded informa-
tion is used when calculating sowing rates and
referenced if productivity problems arise with
seedlings produced from that seedlot.

Seed tests that are routinely conducted fall into
4 categories: 1) removal of a seed sample; 2) puri-
ty and number of seeds/kg (seeds/Ib); 3) moisture
percentage tested by either loss-upon-heating or
a Dole moisture content meter; 4) germination
percentage estimated by an unstratified (dry)
test, a stratified (wet) test, or a cutting test.

Removal of a Seed Sample

When examining a population, it is necessary
to conduct tests on a representative sample of
that population. In testing seeds, a random sam-
ple is removed from the seedlot using a seed sam-
pling tube and placed in a plastic tray. This sam-
pling procedure may be repeated several times to
obtain a true representative sample from a very
large lot (90 kg [200 Ib] or greater) or to obtain
enough seeds for testing a small lot (less than 11
kg [25 1b]).

Purity and Number of Seeds/kg (Seeds/lb)

The determination of purity and the number
of clean seeds/kg (seeds/Ib) are done together in
one operation. Initially, 10.0 g (0.35 oz) of seeds
containing impurities are removed from the
extracted seed sample. Impurities consist of small
pieces of cones, bark, pitch, foliage, and so on.
Seeds are counted into piles of 100, keeping all
impurities in a separate pile. These seeds can be
used later in germination tests. Once all seeds are
counted and impurities separated, the impurities
are weighed to the nearest 0.01 g. The purity is
then calculated as follows:

% purity = (weight of sample — weight of impurity) x 10

For example:
(10 g sample — 0.39 g impurity) x 10 = 96.1% purity
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Germination

The Saratoga Tree Nursery does germination
tests on all conifer seedlots (Figure 2). Tests on
hardwood and shrub seedlots are performed if
time allows. A cut test is at least performed on
these lots. For each seedlot being tested for germi-
nation capacity, a 30-day stratification test and a
30-day warm test is performed. Tests are per-
formed in a germination chamber. At this time, it
is our goal to test all lots (new lots or those in stor-
age) once within a 4-year period. It is recom-
mended that seedlots be tested at least 6 months
prior to use. When performing seed testing it is
imperative that set procedures are followed. A
simple oversight, such as dirty utensils or contam-
inated testing trays, can affect results dramatically.

Seed Storage

After testing, unused seeds are stored in 19-L (5-
gal) glass water bottles. These containers are
corked and sealed with wax. The storage temper-
ature is set at -2 °C (28 °F). Conifer and shrub
species are stored for up to 10 years. Hardwood
species are only stored for a maximum of 3 to 4
years. Currently, over 450 seedlots of various
species are in storage at Saratoga.

Testing Data

Information obtained from germination testing
before outplanting can mean the difference
between a successful planting or failed crop. As
the cost of soil treatment increases, nurseries can
no longer afford to plant seeds for which poten-
tial viability is not known. As an example, the
Saratoga Nursery spends over US$ 2,960/ha (US$
1,200/ac) on soil fumigant/treatment materials
alone. If your facility is unable to perform your
own testing, it would be wise to have these tests
done at a certified seed testing facility.

References

Heit CE, Eliason EJ. 1940. Coniferous tree seed testing and
factors affecting germination and seed quality. Geneva
(NY): New York State Agricultural Experiment Station.
Technical Bulletin #255. 45 p.



Soils and Nutrition:
A Forest Nursery
Perspective

Russell D Briggs

RUSSELL D BRIGGS

Professor of Forest Soils

SUNY College of Environmental Science and Forestry
Illick Hall

Syracuse, NY 13210

Tel: 315.470.6989

E-mail: rdbriggs@esf.edu

Briggs RD. 2008. Soils and nutrition: a forest nursery perspective. In:
Dumroese RK, Riley LE, technical coordinators. National Proceedings: For-
est and Conservation Nursery Associations—2007. Fort Collins (CO): USDA
Forest Service, Rocky Mountain Research Station. Proceedings RMRS-P-
57:55-64. Available at: http://www.fs.fed.us/rm/pubs/rmrs_p057.html

ABSTRACT

A brief review of the published proceedings from meet-
ings of nursery managers over the past 30 years reveals
a high level of consistency with respect to topics of
interest from year to year. Seedling quality, defined as
seedling capacity to effectively compete after outplant-
ing, has been the unifying theme. Production issues,
including collection, storage, and sowing of seeds,
planting density, irrigation, nutrition, pest control, and
lifting, have been commonly featured. Soil manage-
ment, with emphasis on organic matter and nutrition,
occupies a prominent position among the individual
titles. It seems that nursery production knowledge and
practice have been maintained at a relatively high level;
one would be hard pressed to identify the year of pub-
lication simply from a list of titles from any single pro-
ceedings. This paper focuses on soil and nutrition in
nursery seedling production. One of the most recent
additions is the topic of exponential nutrient loading.
This practice is used to induce luxury consumption, pro-
ducing loaded seedlings that are better able to com-
pete in the outplanting environment. Performance of
outplanted seedlings, followed for as long as 6 years,
suggests that nutrient loading is an effective nursery
practice; seedlings effectively compete in their out-

planted environments. Nutrient loading papers are
appearing with increasing frequency in the literature,
reflecting a high degree of interest. Nutrient loading
may become a standard practice as outplanted seedling
success becomes more widely demonstrated.

KEYWORDS
analyses, fertility, management, organic matter

Introduction
I began preparing for this meeting by reviewing
published proceedings of forest tree nursery
workshops over the past 3 decades. A remarkable
consistency among topics was readily apparent.
The underlying theme of each meeting has been
focused on production of disease-free, high qual-
ity seedlings. Although the specific morphologi-
cal and physiological variables utilized to express
seedling quality seem to be in a perpetual state of
flux (Bunting 1980; South and Mexal 1984; Haase
2007), there appears to be general agreement that
quality seedlings are those that will effectively
compete in the outplanting environment.
Nursery production, at least in the northeast
US, has gradually shifted emphasis from a pri-
mary focus on production of large numbers of
conifer seedlings for planting by large industrial
and government landowners to a more diffuse
customer base with a wide array of smaller plant-
ings. These plantings require a wide range in
species for a variety of purposes, including
stream bank stabilization, bioremediation of
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mildly contaminated sites, bioenergy plantations,
wetland restoration, and so on. Many of these
seedlings will face competition from existing veg-
etation and, perhaps, will be planted on sites that
are less than ideal. Consequently, the need for
high quality seedlings remains strong.

Production of high quality seedlings is a com-
plex process that begins with seed selection and
sowing, culminating with lifting and shipping.
The diversity of species produced at individual
nurseries, each with their individual nuances for
successful growth and development, further chal-
lenges nursery management. The production
process has been described using a chain as an
analogy. Each component is required to get to the
end point; a break of any single link introduces a
discontinuity that reduces quality and quantity of
the final product.

This paper focuses on the soil system as an
integral component of the production chain,
with particular emphasis on nutrition. The
underlying theme of this paper is that monitor-
ing soil and plant conditions is an important
component of nursery production. Soil testing
and plant analysis were common components of
nursery management in the northeast US in past
decades. This type of activity apparently has
recently dropped off as part of an effort to reduce
costs. The lack of information reduces the capac-
ity to address occasional problems in seedling
quality. As the number and severity of produc-
tion problems increase, soil and plant analyses
will likely become more common in nurseries in
the northeast US.

The Soil System

The root system plays a critical role in uptake of
water, nutrients, and oxygen (O,). (Removal of
CO, is implicit.) Delivery of those components to
the roots in hydroponic systems is totally con-
trolled by management of technology. Produc-
tion of plants in soil (bareroot systems) or con-
tainers (media) adds a layer of complexity in
delivery of water, nutrients, and O,; the soil (or
media) system plays a critical role. Root growth
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and development attain their maxima when flux-
es of nutrients, water, and gas meet plant demand
for growing tissue. When those fluxes are con-
strained, growth and development are necessarily
reduced, having a negative impact on seedling
capacity to effectively compete in a new environ-
ment. Management of the soil and media in the
nursery is critical for maintenance of those fluxes.

The impacts of nutrients and moisture on
seedling quality can be graphically illustrated in
the conceptualization by Stone (1984), substitut-
ing seedling quality for site quality (Figure 1).
High quality seedlings require an effective supply
of water and nutrients; adequate aeration is
implied in an effective water supply. Ultimately,
maximization of root growth and development
can be thought of as minimization of constraints
for nutrients, moisture, and aeration. Unlike
hydroponic systems, where delivery of moisture,
nutrients, and dissolved O, are strictly controlled
by management and technology, those fluxes in
the soil system are constrained primarily by dis-
tribution of pore sizes and, secondarily, by man-
agement (that is, irrigation and fertilization). It
follows that managing seedling quality requires
management of pore size distribution.

Pore space occupies approximately 50% of the
volume of the “ideal” soil. The distribution of
pore sizes is even more important than the total
pore volume (porosity). Pore size regulates move-
ment and storage of water, which directly impacts
aeration. Macropores, defined as those pores that
do not hold water against the force of gravity,
allow for drainage of water and consequent
exchange of O, and CO, between plant roots and
the soil atmosphere. Ideally, the pore volume
would be evenly split between macro- and micro-
pores, simultaneously providing aeration and
moisture retention.

Pore size distribution is a function of soil phys-
ical properties. In managing nursery soils, it may
be useful to think of these soil properties in the
context of time scales.



The Soil Matrix

Texture: Long-term (103-year) Management

Soil texture, the relative proportion of sand-,
silt-, and clay-sized particles, is the primary con-
trol of pore size distribution. Soil texture is stable
over thousands of years. Altering soil texture is
not feasible on the scale of bareroot production in
forest nurseries, but is feasible on the scale of con-
tainer media where various mixtures of organic
substrates and perlite/vermiculite are used.

The macropores between sand particles (2 to
0.05 mm effective diameter) drain freely and pro-
mote aeration. In contrast, the very small pores
between clay particles (< 0.002 mm), termed
micropores, hold water against the force of grav-
ity and aeration tends to be poor. This effect is
strongly modified by soil organic matter (SOM),
which has high pore space, low density, and con-
tributes to formation of water stable aggregates.

One of the major decision criteria utilized for
siting forest nurseries is soil texture (Wilde 1958;
Armson and Sadreika 1979). Sandy loam and
loamy sand textures with minimal coarse frag-
ments (rocks) are considered most desirable
because they provide rapid drainage, leading to
good aeration and early warming in the spring.
These textures, although not immune, are less
prone to frost heaving.

Soil Organic Matter (SOM):

Mid-term (100- to 101-year) Management

A sandy loam texture, recommended for nurs-
ery sites, provides excellent physical conditions
for plant roots, minimizing the constraints of
poor drainage and aeration. Lack of clay, howev-
er, limits soil capacity to retain water and nutri-
ents. Addition of organic matter, which plays a
crucial role in retention of water and nutrients in
coarse textured soils, compensates for this defi-
ciency. Coarse textured soils are well aerated, pro-
moting rapid oxidation and decomposition of
soil organic matter (SOM). In addition, periodic
lifting of seedlings removes a significant quantity
of SOM from nursery beds on a regular basis.
Davey (1980) referred to this removal as “min-

—
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Figure 1. Seedling quality as a function of effective moisture
and effective nutrient supply (after Stone 1984).

ing” It is easy to understand why maintenance of
SOM is a key concern for tree seedling nurseries.

The topic of SOM in the context of forest
nursery soil management has been treated exten-
sively in the past decades. Papers dealing with
SOM have been a prominent feature of nursery
proceedings from 1980 (Abrahamson and Bickel-
haupt 1980) to the present (Riley and others
2006). The topic’s persistence over the past
decades reflects the degree of attention and con-
cern of nursery managers. The nature of that
concern was articulately described by Davey
(1984) in reviewing results from a nursery man-
ager survey conducted by Oregon State Universi-
ty in the northwestern US. Eighty-six percent of
21 respondents intended to increase SOM levels;
62% listed SOM maintenance among their top 5
issues. A wide variety of amendments were applied
to maintain or increase SOM, including cover
crops or green manure (for example, peas, oats,
lupines), peat, sawdust, bark, and sludge. The
choice of amendment depends on a variety of
local factors (not the least of which is availabili-
ty). Davis and others (2007), summarizing a
number of studies, pointed out that long-term
application and continual monitoring are
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Figure 2. Influence of soil amendments (chicken manure
[CM], compost [Cp]) relative to no amendments (CON), on
soil organic matter (SOM) and root collar diameter for red
oak and green ash seedlings prior to lifting. Different letters
indicate significant differences at P < 0.10 (Davis and

others 2006).

required in order to sustain SOM in forest nurs-
eries.

Organic matter management practices contin-
ue to evolve, and research is ongoing. I selected 3
recently published papers to illustrate the nature
of current scientific inquiry.

Davis and others (2006) incorporated the fol-
lowing organic amendments approximately 7.5
cm (3 in) deep in nursery beds at the Vallonia
State Nursery, Indiana: chicken manure (follow-
ing thermophilic decomposition) at 725, 1450,
and 2900 kg/ha (650, 1300, 2590 Ib/ac), and 2-
year composted trimmings (leaf, tree, lawn) at
200 m3/ha (106 yd3/ac). Soil samples were col-
lected for analysis immediately following amend-
ment incorporation. Green ash (Fraxinus penn-
sylvanica) and red oak (Quercus rubra) seeds were
sown in the beds. Seedlings were lifted and meas-
ured (root collar diameter [RCD], height, root
volume) the following spring. All organic amend-
ments increased SOM (Figure 2), as well as cation
exchange capacity. All amendments increased
seedling RCD above that of the control (no
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amendment) (Figure 2), with differences between
the 2 species. Green ash seedling RCD attained
the highest values on the highest level of chicken
manure, while red oak seedlings attained equally
high levels on all amendments except for chicken
manure at 725 kg/ha (650 Ib/ac), which did not
differ from the control. Patterns of seedling root
volume and height response were similar to those
of RCD. Davis and others (2006) pointed out the
need to continue this work to improve the inte-
gration of organic amendments with traditional
inorganic fertilization practices.

Davis and others (2007) added an interesting
twist by comparing the impacts of an array of
organic amendments (incorporated as described
in previous paragraph) on soil properties and
sorghum (Sorghum spp.) cover crop production.
Treatments evaluated were: a) 1450 kg/ha (1300
Ib/ac) chicken manure (CM) alone; b) combina-
tion of 1200 kg/ha (1070 Ib/ac) hardwood saw-
dust with 4350 kg/ha (3880 Ib/ac) CM; ¢) combi-
nation of 1200 kg/ha (1070 Ib/ac) hardwood
sawdust with 8700 kg/ha (7770 Ib/ac) CM; d) 2-
year composted trimmings (leaf, tree, lawn) at
200 m3/ha (2860 ft3/ac); and e) 200m3/ha (2860
ft3/ac) uncomposted leaves. Sorghum was sown
uniformly at 1.12 kg/ha (1 Ib/ac), and soil sam-
ples were taken immediately after amendment
incorporation. SOM and pH increased signifi-
cantly above control levels (1.2% and 4.8%,
respectively) for all treatments, with the excep-
tion of CM alone. All amendments had a positive
effect on sorghum biomass production (Figure
3). The authors anticipate a long-term benefit
from promotion of higher SOM from sorghum.

Riley and others (2006b) is an excellent illus-
tration of the evolution of soil management prac-
tices, as well as many other aspects, for the J Her-
bert Stone Nursery in Central Point, Oregon.
Their primary focus was on soil tilth and porosi-
ty rather than SOM per se. Addition of organic
matter is one of several management practices
used to maintain favorable soil tilth. In response
to increasing costs of sawdust and N fertilizers, an
alternative to sawdust was sought. Continuous



monitoring and use of a variety of treatments
(deep subsoiling, wrenching, organic amend-
ments, and pumice) ultimately resulted in favor-
able soil tilth, although their goal of 50% soil
porosity has not yet been attained.

Fertilization

Fertigation: Short-term (101 to 10-3 year)

Management

Given a configuration of pores resulting from
the combined effects of soil texture and organic
matter, the delivery of water and nutrients to root
systems is managed on a daily/weekly basis
through irrigation and fertilization. The presence
of soil in bareroot systems, or medium in the case
of container stock, adds a degree of complexity in
supplying water and nutrients to the roots.

This complexity is managed by monitoring
soil moisture, armed with knowledge of the soil
moisture characteristic (relationship between soil
water concentration and soil water potential). A
system of tensiometers is often utilized for irriga-
tion management. When soil moisture tension
falls somewhat below field capacity, irrigation is
applied and moisture stress is avoided.

The situation for nutrients is a bit more daunt-
ing and somewhat indirect. Soil testing provides a
snapshot in time of nutrient solubility. Soil nutri-
ents are conceptually identified in a system con-
sisting of 4 components: 1) very slowly available
(structural framework of primary minerals and
organic matter); 2) slowly available colloidal frac-
tion (structural framework of clay and humus);
3) adsorbed fraction (ions attracted to colloidal
surfaces); and 4) readily available (soil solution
fraction) (Brady and Weil 2002). Soil testing
involves leaching soil samples with one of many
extracting solutions varying in composition and
ionic strength, extracting soluble nutrients (pool
4 described above) and a small portion of those
in pool (3) and perhaps (2). The actual results are
strongly dependent on the extractant and proce-
dure used. In the past, these were often referred to
as “available” nutrients, but there is no clear indi-
cation that those extracted fractions are equiva-
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Figure 3. Influence of soil amendments (chicken manure
alone at 1450 kg/ha [1300 lb/ac] [CM], chicken manure at
4350 and 8700 kg/ha [3880 and 7770 lb/ac] in combination
with 1200 kg/ha [1070 lb/ac] sawdust [CMS], compost [Cp],
and leaves [Lv]) relative to no amendments (CON) on
sorghum cover crop biomass. Different letters indicate sig-
nificant differences at P < 0.05 (Davis and others 2007).

lent to what plant roots absorb. Consequently,
they are more appropriately referred to as
extractable nutrients.

Soil tests, in and of themselves, are only of use
when a relationship has been established between
some measure of seedling quality (that is, height,
biomass, root volume, and so on) and soil test
values. During the late 1970s and early 1980s, a
considerable effort to develop such as relation-
ship was expended by the Forest Soils Analytical
Lab at the State University of New York College of
Environmental Science and Forestry (SUNY ESF)
in cooperation with 18 nurseries (Table 1) dis-
tributed across the US. Soil test recommenda-
tions developed on the basis of that work are
summarized in Table 2. It is important to keep in
mind that those recommendations are method
specific. Armson and Sadreika (1979), for exam-
ple, recommend minimum extractable P as 300
mg/kg, using the Bray-Kurtz (another common
method) extraction.

The accuracy, hence utility, of soil test results
depends on quality control in the laboratory.
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Table 1. List of 18 nurseries (identified by location) involved with soil testing program at SUNY ESF (identified
from MEMO to participating nurseries).

Carbondale, Colorado Harmans, Maryland Concord, New Hampshire
Magalia, California Freesoil, Michigan Saratoga Springs, New York
Coeur d’Alene, Idano Manistigue, Michigan Bonanza, Oregon

Topeka, Illinois Licking, Missouri Swansea, South Carolina
Fryeburg, Maine Bismark, North Dakota Draper, Utah
Passadumkeag, Maine Boscawen, New Hampshire Lakin, West Virginia

Table 2. Recommended levels for chemical values for nursery soils based on research at SUNY ESF Forest Soils
Analytical Lab.

Variable Conifer Hardwood
Organic matter? 2.5% 2.5%
pHY 5to 6 6to7

P (mg/kg)* 100 150

K (mg/kg)W 100 150

Ca (mg/kg)¥ 500 1000
Mg (mg/kg)W 150 250
CEC (cmol./kg)V 8 11

EC (dS/m)Y <2 <?2

Z Organic matter determined by loss-on-ignition or Walkley-Black wet oxidation.

Y Measured in1:2 soil:water slurry.

X P extracted with 0.002 N sulfuric acid (Truog procedure).

W Cations and CEC determined from extracts using neutral 1 N ammonium acetate.

V Electrical conductivity determined from saturated soil paste vacuum filtered 2 hours after mixing.

Credible labs have systems in place to insure samples from a group of laboratories;
accuracy and repeatability of their results. For 3) Inclusion of blank (distilled deionized
example, our quality control program consists of water) and spiked (known concentrations)
several components: samples in every sample run.

1) Periodic analysis of “standard” soil and Finally, dedication to a single laboratory is
plant tissue samples (obtained from com-  implicit. An excellent working example is provid-
mercial sources or collected by us from asin-  ed by the Auburn Nursery Cooperative, which
gle location, homogenized, and stored); utilizes a single commercial lab for all of their

2) Participation with US Geological Sur-  analyses (Davey 1995). This allows comparison of
vey (USGS) round-robin analysis of water  results across nurseries, immensely increasing the
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value of the program for all of the nurseries
involved.

As government support for state and USDA
Forest Service nurseries has diminished, so has
routine soil testing. It has been almost a decade
since the SUNY ESF Forest Soils Analytical Lab
received a soil sample from a nursery. I suspect
that this trend will be reversed. Monitoring soil
conditions is an important component of nurs-
ery management and becomes more critical as
problems with seedling quality develop. One of
the most memorable examples of the utility of
soil monitoring in identifying seedling quality
problems is drawn from our cooperative work
with the state nursery at Saratoga, New York.
During the late 1970s, several conifer beds exhib-
ited unusually high chlorosis and mortality. Lab-
oratory analysis revealed soil pH well in excess of
7.0, which was traced to overzealous application
of an organic amendment. The ample supply of
horse manure (routinely treated with lime to
control odor) from the adjacent harness track
invited excessive application. The high buffering
capacity of the added organic matter prevented
rapid recovery; pH remained elevated for at least
4 years following application. Negative impacts
on seedlings were documented by Bickelhaupt
and others (1987). Amelioration required sub-
stantial applications of acid coupled with deep
plowing over a lengthy time period.

In addition to its obvious utility as a tool for
ensuring seedling quality, soil monitoring is
becoming more important from an environmen-
tal perspective. Application of nutrients in excess
of seedling uptake capacity is costly, both finan-
cially and environmentally. Excess nutrients dis-
solved in water move below the root zone and are
delivered to surface water, degrading water quali-
ty. State and federal agencies are focusing more
attention on water quality in efforts to control
eutrophication. Eutrophication, a result of
increased delivery of nitrogen (N) and phospho-
rus (P) to surface water systems, is a serious prob-
lem that has directly contributed to hypoxia and
anoxia across the globe (Diaz 2001). Soil moni-

toring can be a useful tool in minimizing unnec-
essary or excessive nutrient amendments.

Nutrient Loading

One of the most exciting new areas of research
and practice in seedling nursery management is
nutrient loading, or the application of relative
addition rate concept in nursery seedling produc-
tion (Ingstead and Lund 1986). The efforts have
been documented in a series of papers over the
past 15 years.

Timmer (1996) provides a concise history of
the development and application of exponential
nutrient loading in greenhouse production.
Seedlings are produced with nutrient reserves
that promote maximum growth upon outplanti-
ng. Nutrients are concentrated (stored) in
seedlings by inducing luxury consumption,
matching nutrient supply with plant growth
(biomass). Exponential loading is illustrated rela-
tive to conventional single dose and periodic
application of a single rate in Figure 4, which also
depicts an adjustment for incomplete root
exploitation of the medium early in the seedling
growth period.

Field performance of nutrient-loaded seed-
lings has been documented for a variety of
species. Timmer (1999) found that 6-year bio-
mass and height of nutrient-loaded black spruce
(Picea mariana) seedlings outplanted on sites
where competition had not been controlled were
equivalent to conventionally fertilized seedlings
planted on herbicide treated sites; nutrient load-
ing compensated for lack of competition control
(Figure 5). These results, which are based on the
longest term data currently available, demon-
strate the capacity of nutrient-loaded seedlings to
overcome the negative effects of competition, a
tremendous advantage as herbicide costs increase
and application becomes more restricted.

Interest in exponential fertilization is increas-
ing, and the technique is being expanded for
application to hardwood species. Birge and others
(2006) reported positive results of nutrient load-
ing to induce luxury consumption of N for red
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Figure 4. Scheduling of fertilizer additions by seedling age
applied as single dose (S), constant top dressing (C), expo-
nential (E), and modified exponential (ME) during green-
house culture. (Initial exponential rate was reduced to
account for incomplete root exploitation, but later balanced
by increased exponential rate following complete root
exploitation.) Note scale break in y-axis (from Timmer
1996).

(Quercus rubra) and white oak (Q. alba) at the
Vallonia State Nursery, Indiana. Seedling biomass
and tissue N concentrations of nutrient-loaded
seedlings exceeded those of conventionally fertil-
ized seedlings. As the exponential nutrient load-
ing technique comes into greater use, additional
long term data tracking outplanting performance
will likely become more widely dissipated.

Slow-Release Fertilizer

Use of slow-release fertilizer (SRF) in nursery
seedling production represents somewhat of a
middle ground between exponential loading and
conventional fertilization. Dissolution of poly-
mer coatings over time allows nutrients to move
outward over a period of months. Unlike expo-
nential loading, where plant nutrient additions
are estimated on a weekly or shorter term basis,
nutrient release from SRF is not precisely quanti-
fied on such a fine time scale. Huett and Gogel
(2000) showed that SRF nutrient release is
uneven. Highest rates occur early in the release
period, which is not well timed with steadily
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increasing seedling nutrient demand. Actual SRF
nutrient-release periods were considerably short-
er than nominal rates. In spite of these shortcom-
ings, slow-release fertilizers have been used suc-
cessfully in nursery production.

Haase and others (2006) supplemented con-
ventional fertilization of container Douglas-fir
(Pseudotsuga menziesii) seedlings with 4 SRF
treatments: Apex 1®, Apex 2®, Forestcote®, and
Osmocote”. Seedling growth and nutrient con-
centrations were monitored immediately after
outplanting and over 4 growing seasons at 2 sites
in Oregon. Only results from the Powers site in
western Oregon are presented below. Luxury con-
sumption was successfully induced by SRE At the
time of planting, seedlings grown with SRF in the
medium treatment had higher concentrations of
N and P relative to conventional fertilization;
seedlings grown with Forestcote” were larger
than those grown with Apex 1°, Apex 2%, or con-
ventional fertilization (Table 3).

Height growth of all SRF-treated seedlings
exceeded that of conventionally fertilized seedlings
at the end of the first and second field seasons after
planting (Table 3). Although no differences were
observed in height growth among the 5 treatments
following the third and fourth seasons after plant-
ing (data not shown), the initial SRF effect persist-
ed, carrying through 4 years after planting. Height
in 2001 (4 growing seasons after planting) of SRF-
treated seedlings was significantly greater than
conventionally fertilized seedlings.

Closing Comments

Seedling quality continues to be a unifying theme
among nursery managers, as indicated in the
papers that have appeared in proceedings pub-
lished over the past 30 years. Soil management is
critical to maintain production of high quality
seedlings. Nursery soil management practices
appear to be keeping pace with scientific knowl-
edge through effective technology transfer; the
contents of published proceedings provide ample
evidence that this is the case. Soil and plant tissue
analysis is an important tool that can be effective-



ly used in producing quality seedlings. Increasing
pressure to reduce costs, while improving effi-
ciency at many nurseries, seems to have reduced
routine use of soil and plant analyses as a man-
agement tool for many nurseries in the northeast
US. As seedling quality issues and environmental
concerns increase, greater use of soil and plant
tissue nutrient monitoring is likely.
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ABSTRACT

Exponential nutrient loading was used to build nutrient
reserves in northern red oak (Quercus rubra) and white oak
(Q. alba) seedlings during standard bareroot nursery cul-
ture at the Vallonia State Nursery, Indiana. Nursery grown
seedlings were outplanted the following year onto a mine
reclamation site in southern Indiana to evaluate effects of
prior nursery treatments on field performance. At the
nursery stage, exponential nutrient loading improved
plant dry mass production. Nutrient loading increased
nitrogen uptake 40% in red oak and 35% in white oak
when compared to controls. When outplanted, exponential
nutrient loading enhanced shoot height and root collar
diameter response in the studied species. White oak
seedling survival was 92%, compared with 83% for red oak
in year 1. Survival decreased to about 74% for white oak
and 65% for red oak in year 2. Results suggest exponential
nutrient loading has potential to promote seedling per-
formance on harsh site conditions, and are significant for
reclamation efforts in Indiana and across the US.

KEYWORDS

biodiversity, forest restoration, nitrogen, Quercus alba,
Quercus rubra, reclamation, seedling quality
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Introduction

Successful forest restoration on abandoned sur-
face-mined lands can yield multiple benefits,
such as provision of timber, high quality water,
wildlife habitats, and aesthetic landscapes. How-
ever, poor site fertility (Bussler and others 1984;
Walker 2002), soil compaction (Unger and Cassel
1991), competition from herbaceous plants
(Andersen and others 1989; Casselman and oth-
ers 2006), animal browse (Tripler and others
2002), and poor seedling quality (Clark and oth-
ers 2000; Ward and others 2000; Jacobs and oth-
ers 2004) are key factors that may limit early
establishment success of newly outplanted hard-
wood seedlings on degraded landscapes in the
Central Hardwood Forest Region of the US.

Fertilization at planting, in combination with
weed control with herbicides, can alleviate poor
site fertility, reduce competition, and enhance
seedling field survival and growth (Jacobs and
others 2005). However, there is public sentiment
against herbicide use in forests owing to potential
negative impacts on the environment and on bio-
diversity (Thompson and Pitt 2003). Thus, stor-
ing nutrients in seedlings during nursery culture
to reduce competitive effects provides a better
rationale than field fertilization that may stimu-
late growth of competing vegetation. Moreover,
studies have shown that the nutritional status of
a plant is a better indicator of quality and field
success (Timmer and Munson 1991; Malik and
Timmer 1996). Therefore, appropriate nursery
nutrient management can lead to the production
of high quality seedlings with greater internal
nutrient reserves to reduce competitive effects
and enhance field performance (Malik and Tim-
mer 1996; Thompson and Pitt 2003).

Several fertilization methods, such as conven-
tional, exponential, or nutrient-loading models,
can be used to nutritionally pre-condition plants
at the nursery stage for outplanting. Conven-
tional fertilization involves application of equal
fertilizer doses at regularly spaced intervals
throughout the growing season. This approach
creates a surplus of nutrients to young seedlings
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early in the growth phase, but may cause a defi-
ciency in larger seedlings by the end of the grow-
ing season (Imo and Timmer 1992). This occurs
because nutrient requirements vary at different
stages of seedling development throughout the
growing season. Exponential fertilization closely
matches nutrient supply with seedling growth
demand during the exponential growth phase
(Ingestad and Lund 1986; Timmer and Aidelbaum
1996), and enhances fertilizer uptake efficiency
and minimizes potential leaching losses. Nutrient
loading involves extra high fertilization to induce
luxury uptake and build reserves in seedlings to
benefit outplanting (Figure 1), and is more com-
patible with exponential fertilization. Thus, with
exponential nutrient loading, nutrients are applied
at exponentially increasing rates in excess of
growth demand to induce luxury uptake, which
builds seedling nutrient reserves to reduce com-
petitive effects and benefit outplanting.

Although the above fertilization techniques
may have universal application, protocols to
determine optimal target rates associated with
maximum growth and seedling nutrient storage
are not well defined. There is apparent need to
quantify target rates for each species and cultural
system owing to differences in species demand
for nutrients and variations in cultural condi-
tions. An innovative approach that can help
rationalize and quantify fertility targets in tree
seedling culture is illustrated in Figure 1. The fig-
ure shows that the relationship between plant
growth, nutrient status, and increased fertiliza-
tion is curvilinear, but sectioned here into 3 phas-
es to demonstrate points of nutrient deficiency,
luxury consumption, and toxicity with increased
fertility (Salifu and Timmer 2003; Salifu and
Jacobs 2006). Generally, seedling growth is maxi-
mized at sufficiency. Optimum response is
obtained when growth and nutrient uptake are
maximized, which occurs during luxury uptake.
Excessive fertilization induces toxicity, which is
associated with increased tissue nutrient concen-
tration but diminished growth (Figure 1).



Nutrient-loaded seedlings exhibit greater sur-
vival, growth, and competitiveness over non-
loaded plants on a variety of habitats (Timmer
and Munson 1991; Malik and Timmer 1996). The
approach provides a new and useful technique to
build plant nutrient reserve at the nursery stage,
which has specific significance to reducing com-
petitive effects and enhancing seedling perform-
ance on harsh outplanting environments. Birge
and others (2006) tested application of exponen-
tial nutrient loading in standard bareroot red oak
(Quercus rubra) and white oak (Q. alba) seedling
culture to build nutrient reserves to benefit field
outplanting. These nursery grown seedlings were
then outplanted onto a mine reclamation site in
southern Indiana to examine effects of prior nurs-
ery treatments on seedling field performance. Our
objectives were to evaluate: 1) growth and nitrogen
storage in exponentially fertilized seedlings com-
pared with conventional cohorts at the end of
nursery culture; and 2) survival and growth of
exponentially nutrient-loaded seedlings compared
with conventional cohorts planted on mined land
in southern Indiana. These species were selected
for the study because of their great importance to
the local hardwood industry, wildlife habitat, and
increased use in environmental plantings (Jacobs
and others 2004).

Materials and Methods

Nursery Phase

Bareroot northern red oak and white oak
seedlings were grown from seeds germinated in
spring 2004 at Vallonia State Nursery, Indiana
(38°85'N, 86°10'W). Seedlings were fertilized con-
ventionally or exponentially using 10 fertility
treatments that ranged from deficiency to toxicity
(0 to 3.35 g N/plant/season). Higher fertility treat-
ments were intended to build nutrient reserves in
plants for later utilization when outplanted. Nitro-
gen was applied bi-weekly as ammonium nitrate in
crystal form (34N:0P,0;:0K,0). Further details
on the nursery study can be found in Birge and
others (2006). Seedlings were mechanically lifted
in December 2004 and processed for overwinter

Biomass
————— Nutrient content
= Nutrient concentration

Nutrient

Sufficiency loading

Seedling nutrient content ——

Dry mass or nutrient concentration —=—

Luxury
" |Deficiency | consumption Toxicity
n f I e

Nutrient supply —s—

Figure 1. Relationships between nutrient supply with plant
growth and nutrient status. Fertilizer (f) is added to supple-
ment native fertility (n) to prevent nutrient deficiency and
maximize growth to the sufficiency level. Optimum nutrient
loading is achieved by adding fertilizer ({) that induces luxu-
ry consumption to build up plant nutrient reserves for out-
planting. Excess fertilization (e) inhibits growth because of
toxicity (adapted from Salifu and Timmer 2003).

storage in coolers (3 °C [37 °F]) at Purdue Uni-
versity, West Lafayette, Indiana. Plants were
removed from storage in late April 2005, and
sorted for the field experiment.

Field Study

Nursery-reared seedlings were outplanted in
April 2005 into an abandoned mine reclamation
site in southern Indiana. The field design was a
split-plot design with a 2 x 10 factorial treatment
structure, and was replicated in 5 blocks. The
main plot treatments were species at 2 levels and
the sub-plot treatments were the 10 nursery fer-
tility treatments. Each block measured 21 x 42 m
(69 x 138 ft) and was separated from the next by
2-m (6.5-ft) buffers. Species were randomly allo-
cated within blocks, and fertility treatments were
randomly allocated within species. Each treat-
ment consisted of 20 trees in one row within a
block, and each block contained 20 rows. A total of
2500 seedlings were planted and monitored in this
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experiment (10 treatments x 20 trees per treat-
ment x 2 species x 5 replications). Trees were plant-
ed 1 x 1 m (3.3 x 3.3 ft) within rows and 2 x 2 m
(6.5 x 6.5 ft) between rows. Sampling and quantifi-
cation of seedling morphological and nutritional
responses followed standard protocols (Salifu and
Timmer 2003; Jacobs and others 2005). Growth
and nutritional parameters were evaluated by
analysis of variance using SAS (SAS Institute Inc,
Cary, North Carolina), and treatments were
declared significant at P < 0.05. Significant treat-
ment means were ranked according to Waller-
Duncan’s multiple range test at ot = 0.05.

Results and Discussion

Nursery Phase

Growth and nutritional data sampled at the end
of nursery culture (Birge and others 2006) con-
formed closely to trends shown in Figure 1, which
demonstrates suitability of the model for applica-
tion in hardwood culture. Exponential nutrient
loading increased plant biomass 113% to 260% for
red oak, and 49% to 144% for white oak when
compared with nonfertilized plants. Similarly,
nutrient loading stimulated N uptake 40% in red
oak and 35% in white oak relative to controls. The
greater nutrient reserves in loaded seedlings may
serve as critical nutrient resources to reduce com-
petitive effects and promote rapid growth under
field conditions (Crow 1988; Dickson 1989; Tagli-
avini and others 1998). We recommend the use of
balanced fertilizers to avoid potential antagonistic
interactions associated with only N-based fertiliz-
ers in the nutrient loading process. Frequent fertil-
izer additions will make nutrients readily available
to plants, which increases uptake efficiency and
minimizes potential leaching losses associated
with heavy and less frequent applications.

Field Response

Generally, field survival was high in year 1
(Figure 2), but decreased by year 2 (Figure 3).
First year field survival for exponentially cultured
seedlings ranged from 83% to 92%, which is
higher than the 66% (Figure 3) observed for con-
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servation tree plantings in Indiana (Jacobs and
others 2004). Year 1 survival for white oak was
92%, which was higher than survival of red oak at
83% (Figure 2). Survival decreased to 74% for
white oak and 65% for red oak in year 2. Expo-
nential nutrient loading promoted seedling
height and root collar diameter growth for red
oak (Figure 4, top) and white oak (Figure 4, bot-
tom). High survival and rapid early growth may
allow the plants to reach free-to-grow status
sooner, which may minimize animal browse
and/or the need for vegetation control with her-
bicides. Results of our current study suggest that
exponential nutrient loading provides a new and
useful management technique which has specific
significance to improving seedling performance
on mine reclamation sites and reclamation suc-
cess in Indiana. We anticipate improved perform-
ance in subsequent years because of the potential
to exploit greater nutrient resources stored in
roots to support ongoing growth demand. We
suggest further testing of exponential nutrient
loading to build nutrient reserves in plants at the
nursery stage to improve performance on harsh
site conditions. Other innovative approaches,
such as the use of controlled-release fertilizers at
planting (Jacobs and others 2005), different
stocktypes (Dixon and others 1983; Davis and
Jacobs 2004 ), and mycorrhizal inoculation (Zhou
and Sharik 1997) have been found to promote
seedling field performance. The potential of these
new approaches to improve seedling field
response needs further testing and refinement.

Conclusions

Storing nutrients in seedlings at the nursery stage
provides a better rationale to promote seedling
field performance. Higher pre-plant nutrient
reserves have potential to reduce competitive
effects and enhance internal redistribution to
support new growth soon after outplanting. High
survival and growth of competitive nutrient-
loaded seedlings will accelerate forest restoration
success on degraded landscapes, which will help
to conserve soil resources as well as provide habi-
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Figure 2. Field survival of red oak (top) and white oak (bot-
tom) seedlings fertilized conventionally (C) or exponentially
(E) during standard bareroot nursery culture for 8 months,
and then outplanted for 4 months on a mine reclamation
site in southwestern Indiana.

tat for wildlife. Early rapid growth will allow
plants to reach free-to-grow status sooner and
minimize potential for animal browse. Use of
competitive nutrient-loaded seedlings will accel-
erate early growth and minimize the need to con-
trol competing vegetation with herbicides.

The use of balanced fertilizer is key to success-
ful nutrient loading. Frequent and light applica-
tions will make nutrients readily available to
plants. This increases uptake efficiency and mini-
mizes potential leaching losses associated with
heavy and less frequent applications.

Figure 3. Survival of conservation tree plantations com-
pared with overall field survival of red oak and white oak
seedlings fertilized conventionally (C) or exponentially (E)
during standard bareroot nursery culture for 8 months, and
then outplanted for 4 months on a mine reclamation site in
southwestern Indiana.
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and R Winks during field or laboratory phase of
this study.
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ABSTRACT

Red pine (Pinus resinosa Ait.) seedlings were topdress-
fertilized with granular ammonium nitrate (NH,NO;) at
the rate of 0, 11, 22, 44, or 89 kg/ha (0, 10, 20, 40, or
80 lb N/ac) during fall of 2005 in Badoura State Forest
Nursery, Akeley, Minnesota. Seedlings received either a
single (September 16) or double (September 16 and 23)
application of fall fertilizer. Seedling morphology and
cold hardiness were evaluated in November of 2005



(1+0s) and 2006 (2+0s). Seedling morphological attrib-
utes were the same regardless of application method
(single versus double). Seedling height and number of
needle primordia increased significantly with increased
fertilizer rate at the end of both growing seasons. In
general, cold hardiness (measured by freeze-induced
electrolyte leakage [FIEL] test) increased at the end of
the 1+0 season in seedlings that received fall fertiliza-
tion as either a single or double application. At the end
of the 2+0 season, however, cold hardiness decreased
(7% to 30%) with increased fertilizer rate in seedlings
that received a single application of fall fertilization,
but increased (15% to 50%) with fertilizer rate in
seedlings that received double applications compared
to controls. We are following these seedlings after out-
planting to verify potential benefits of fall fertilization
on seedling field performance.

KEYWORDS
electrolyte leakage, height, nitrogen fertilization, nee-
dle primordiaseed collection, seed testing, conifers,

hardwoods

Introduction

Proper and regular fertilization is an integral
component during nursery culture for the pro-
duction of high quality seedlings for afforestation
and reforestation programs. Fertilization during
nursery culture can enhance plant growth, nutri-
ent storage reserves, and resistance to stresses and
diseases (Landis 1985; Rook 1991; van den Dries-
sche 1991). In addition to conventional spring
and summer fertilization, fall fertilization has
been successfully used to improve overall seedling
quality in loblolly pine (Pinus taeda) (Sung and
others 1997; VanderScaaf and McNabb 2004),
slash pine (P. elliottii) (Irwin and others 1998),
and Douglas-fir (Pseudotsuga menziesii) (Margo-
lis and Waring 1986; van den Driessche 1985,
1988). Fall fertilization allows roots to exploit
nutrients for subsequent use while the terminal
buds become dormant. Application of fall fertil-
ization has significantly increased foliar nitrogen
(N) levels (Simpson 1985; van den Driessche
1985, 1988). Additionally, fall fertilization result-
ed in significant increases in root growth potential
(Simpson 1985; van den Driessche 1988), earlier

bud break (Thompson 1983; van den Driessche
1985; Margolis and Waring 1986), and greater sur-
vival and growth rates than conventionally fertilized
seedlings (Anderson and Gessel 1966; van den
Driessche 1988).

Seedling cold hardiness in response to N fertil-
ization in general, and fall fertilization in partic-
ular, showed contrasting results. For example, an
excess of N decreased frost hardiness in young
and adult Scots pines (Pinus sylvestris) and in
adult Norway spruce (Picea abies) (Aronsson
1980; Soikkeli and Karenlampi 1984). In contrast,
N addition enhanced cold hardiness in red spruce
(Picea rubens) (DeHayes and others 1989). Addi-
tionally, N applied during fall increased cold har-
diness in Douglas-fir whereas phosphorus (P)
applied without N decreased hardiness (Thomp-
son 1983). Furthermore, 2-year-old ponderosa
pine (Pinus ponderosa) seedlings showed en-
hanced cold hardiness with increasing N concen-
trations (Gleason and others 1990). Cold hardi-
ness was unaffected by 3 different rates of N and
P application in Douglas-fir and western red-
cedar (Thuja plicata) seedlings (Hawkins and
others 1995). Therefore, it appears that the cold
hardiness responses to fall fertilization are species
specific, and amount of fertilizer might have
played an important role because too much
application of N may delay onset of dormancy.

At Badoura State Forest Nursery, 2+0 red pine
(Pinus resinosa Ait.) seedlings grown under con-
ventional nursery culture often do not attain target
height growth in their second year. This study was
undertaken primarily to augment their second
year growth. Our study objectives were to evaluate
if fall fertilization applied at the end of the 1+0
growing season would: 1) increase the number of
needle primordia, resulting in greater shoot elon-
gation and biomass in the following season; and 2)
affect cold hardiness as measured by the freeze-
induced electrolyte leakage (FIEL) test.
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Study Procedure

Plant Material and Fertilizer Treatments

Seeds of red pine were collected from north-
central Minnesota during fall 2000, and subse-
quent seedlings were grown in Badoura State For-
est Nursery (46°56'N, 94°43'W) in Akeley,
Minnesota. Seeds were sown in October 2004,
allowed to stratify naturally, and germinated in
May 2005. The nursery bed had sandy loam soil,
which was altered by incorporating peat to
increase organic matter content and moisture
retention. The soil pH was 5.5, with a buffer
index of 6.5, and 3% organic matter content. Soil
tests conducted in September 2005 showed a
nitrate NO3(N) ppm of 0.9, a Bray 1 P ppm of 30,
and potassium (K) ppm of 74.

The nursery beds were watered 2 to 3 times
every week (May through August) in 2005 and 1 to
2 times every week (May through September) in
2006. Fertilizer application in 2005 (the 1+0 year)
was as following: 6 topdress applications of gran-
ular ammonium nitrate (NH,NO3; 34N:0P,05:0K,0)
at 33 kg N/ha (30 b N/ac) on June 27, July 5, 11,
18, 25, and August 1; 3 foliar applications of lig-
uid fertilizer (20N:20P,05:20K,0) at 5.5 kg N/ha
(51b N/ac) on June 20, 27, and July 5; and 3 foliar appli-
cations of liquid fertilizer (20N:20P,05:20K,0) at
9 kg N/ha (8 Ib N/ac) on July 20, 28, and August
12. For the experiment, we topdressed 2 beds with
granular NH,;NO; (34N:0P,05:0K,0) at 5 levels of
N: 0 (control), 11, 22, 44, and 89 kg/ha (0, 10, 20,
40, and 80 Ib/ac). These applications were applied
systematically down each bed; each rate was repli-
cated 4 times within each bed. One bed received
all of the fertilizer on September 16 (single appli-
cation). The other bed received one application
of fall fertilizer (same dose as applied to the first
bed) on September 16 and a second dose (double
application) on September 23. The fertilizer
application schedule for summer 2006 (the 2+0
year) was as following: 1 topdress application of
granular NH,;NO;3 (34N:0P,05:0K,0) at 67 kg
N/ha (60 Ib N/ac) on June 5; and 5 topdress
applications of granular fertilizer (10N:10P,Ox:
10K,0) at 30.8 kg N/ha (28 1b N/ac) on June 26,
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July 10, 17, 24, and 31. Weeds were controlled
with Fusilade® and hand-weeding.

Seedlings were randomly hand-dug from the
nursery beds during the first week of November
2005 and 2006 and shipped to Purdue University.
Seedling morphological attributes (height [root
collar to tip of terminal bud]; root collar diame-
ter; shoot, root, and total plant dry weight after
oven drying for 72 hours at 68 °C [154 °F]; nee-
dle primordia [described below]); and a physio-
logical attribute (cold hardiness [described
below]) were measured.

Needle Primordia

Number of needle primordia was determined
following Tampleton and others (1993). The
shoot (at least 10 cm [4 in]) was excised from the
seedling and needles were carefully removed. The
excised shoot was observed at a magnification of
about 10X using a dissecting microscope. Bud
scales were carefully removed to expose the nee-
dle primordia by making an incision using a
hypodermic needle at a depth of 0.5 mm through
the bark at the base of the lower-most bud scales.
The tip of the hypodermic needle was used to cut
around the circumference of the shoot, which
loosened the cap of bud scales. Once the bud
scales were removed, the embryonic shoot was
viewed under the bright-field microscope, and
the needle primordia were counted using the
average number in a row multiplied by the num-
ber of columns.

Cold Hardiness

We used the freeze-induced electrolyte leakage
(FIEL) test (Burr and others 1990) to determine
seedling cold hardiness. Needles (randomly from
the crown) were carefully detached from
seedlings and rinsed with distilled water to
remove ions from the surface. For each fertilizer
treatment and replication, a sufficient number of
needles from 5 seedlings were obtained and cut
into 1-cm (0.4-in) segments. From each group, 7
segments were placed into 7 separate vials (each
vial for corresponding test temperatures; that is, 2



[control], -5, -10, -20, -25, -30, and -40 °C [36, 23, 14,
-4,-13,-22,and -40 °F]). Each vial contained 1 ml of
deionized water. To avoid excessive super-cooling
during freezing, only 1 ml of deionized water was
added to the vial prior to the freezing tests.

The vials were placed in a programmable
freezer for approximately 1.5 hours at 2 °C (36
°F), after which the control treatment vials were
removed. The temperature was then decreased at
a rate of approximately -5 °C/hour (-9 °F/hour).
Upon reaching each successive test temperature,
the temperature was held for 30 minutes before
decreasing again. Once all the vials were removed
and thawed, which was usually done on the next
day, 9 ml of deionized water were added to each
vial to aid in measurement of electrical conduc-
tivity. After the initial measurements were taken,
the vials and their contents were autoclaved at
121 °C (250 °F) for 20 minutes. After cooling
overnight at room temperature, the second meas-
urements were taken, which represent total elec-
trolytes. Electrolyte leakage is expressed as per-
centage of the total electrolytes.

Data Analysis

Seedling height, needle primordia, and cold
hardiness data underwent analysis of variance
using SAS (SAS Institute Inc, Cary, North Caroli-
na), and an alpha level of 0.05.

Results and Discussion

We found no significant effects between single or
double application of fall fertilization on any
seedling morphological attributes, so we will dis-
cuss those results based on the total amount of N
applied. Fall fertilization had a significant effect
on seedling height after the 1+0 and 240 growing
seasons (Table 1). Seedlings that were fall-fertil-
ized with 44 and 89 kg/ha (40 and 80 Ib N/ac)
exhibited 8% and 21% more height growth com-
pared to the control (0 kg N/ha) at the end of the
1+0 season, and 23% and 20% more height
growth after the 2+0 year. Irwin and others
(1998) found no significant differences in heights
of slash pine seedlings fall-fertilized with zero,

low (57 kg N/ha [50 Ib N/ac), or high (171 kg
N/ha delivered in 3 applications of 57 kg/ha [3X
at 50 Ib N/ac]) rates. Red pine seedlings reached
target height due to the extra height growth
attained by providing the highest fertilizer rate
(89 kg/ha [80 Ib/ac]). All seedlings were subse-
quently sold (VanSickle 2006). The relative incre-
ment in height with increased fertilizer applica-
tion suggests that even in the month of October,
when ground temperature was declining and low,
red pine seedlings growing in nursery beds were
physiologically active (VanderSchaaf and McNabb
2004). All other morphological attributes were
similar across fertilizer treatments (data not
shown).

Fall fertilization also had a significant effect on
numbers of needle primordia after the 1+0 and
240 growing seasons (Table 1). In each year, more
needle primordia were formed as fertilizer rate
increased, resulting in longer buds (Figure 1). This
is possibly due to the continued assimilation and
partition of carbon (VanderSchaaf and McNabb
2004). Seedlings that were fall-fertilized with 44
and 89 kg N/ha (40 and 80 1b N/ac) had 41% and
76% more primordia compared to the control (0
kg N/ha) at the end of the 1+0 season, and 29%
and 73% more primordia after the 2+0 year.

Fall fertilization rates significantly affected
cold hardiness. At the end of the 1+0 season, cold
hardiness (determined by FIEL; lower EL values
indicate enhanced cold hardiness; all values pre-
sented represent those collected at -40 °C [-40 °F])
was similar between seedlings that received either
a single or double application of fall fertilizer.
However, fertilized seedlings were more cold
hardy than control seedlings (Table 1). At the end
of the 2+0 season, however, cold hardiness
decreased with increased fertilizer rate in
seedlings that received the single application, but
increased with increased fertilizer rate in seed-
lings that received the double application.

Although Timmis (1974) found that Douglas-
fir seedlings that received more fertilizer (N con-
centration was 1.6%) were much more cold hardy
(-30 °C [-22 °F] versus -13 °C [9 °F] than those

USDA Forest Service Proceedings :: RMRS-P-57 :: 2008 75



Table 1. Heights, numbers of needle primordia, and electrolyte leakage percentages of fall-fertilized red pine

seedlings.
Fertilizer rate in kg N/ha (lb N/ac)
0 11 (10) 22 (20) 44 (40) 89 (80)

HeightZ 140 6.2 (2.4)Y 6.0 (2.4) 5.9 (2.4) 6.7 (2.6) 7.5 (3.0)

240 13.4 (5.3) 14.2 (5.6) 14.9 (5.9) 16.4 (6.4) 16.0 (6.3)
PrimordiaX 140 17 19 18 24 30

2+0 96 92 114 124 166
FIEL—single dose  1+0  31W 27 24 21 21
FIEL—double dose 1+0 28 20 19 22 19
FIEL—single dose ~ 2+0 27 29 35 39 24
FIEL—double dose 2+0 39 26 35 30 26

Z Average heights for single and double dose seedlings combined.
Y em (in)

X Average number for single and double dose seedlings combined.

W The percentage leakage. Lower values indicate higher levels of cold hardiness.

receiving less fertilizer (N concentration was
0.8%), Birchler and others (2001) found that fall
fertilization did not affect cold hardiness in Dou-
glas-fir seedlings. While single or double applica-
tion of fall fertilizer did not significantly affect
morphological parameters, it appeared that dou-
ble application significantly increased cold hardi-
ness in 240 seedlings. No visible winter damage,
however, was observed on control 2+0 seedlings.
Therefore, from a grower’s perspective, a single
application of fall fertilizer would probably suffice
to ensure the extra, desired height growth.

Our fall fertilizer rates were relatively low con-
sidering the rates Birchler and others (2001) and
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Irwin and others (1998) have used. Our low rates,
coupled with rapidly declining day length and the
short duration of time before the ground froze in
northern Minnesota, may be why we observed
only a modest height increase in red pine seedlings
in response to fall fertilization. We feel that 2 pos-
sible options may further augment height growth
in red pine seedlings. First, the current summer
fertilizer application pattern can be modified to an
exponential application regime, as demonstrated
by Birge and others (2006) with bareroot red and
white oak seedlings. Exponential application of
fertilizer would increase uptake efficiency of the
seedlings (Dumroese and others 2005) and mini-



mize leaching losses because sandy soil has low
retention of nutrients. Second, application of sig-
nificantly more fall fertilizer than used in our
current study may provide additional benefit.

Conclusions

We were able to increase the heights of 2+0 red
pine approximately 20% by applying 44 or 89 kg
N/ha (40 or 80 Ib N/ac) during the fall of the 1+0
season. Although fall fertilization did not affect
some seedling morphological attributes, increas-
ing amounts of fertilizer yielded longer buds with
more needle primordia. More needle primordia
after the 1+0 season may be the cause for
increased height growth during the second sea-
son. The effect of fall fertilization continued
through the second year of growth, with the 44 or
89 kg N/ha (40 and 80 Ib N/ac) treatments yield-
ing longer buds and more needle primordia at the
end of the 240 season as well. The extra growth
provided by fall fertilization helped 2+0 red pine
at Badoura State Forest Nursery better meet tar-
get specifications without reducing cold hardi-
ness. We have outplanted these seedlings and will
evaluate them to see if the effect carries over to
field performance.
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Introduction
The devastating consequences of Hurricane Kat-
rina demonstrate how ill-prepared people are
when it comes to extreme weather events and
potential changes in climate. The hurricane itself
cannot be directly ascribed to climate change, but
the likelihood of stronger hurricanes can be. The
more energy the atmosphere has as it warms
because of increasing concentrations of green-
house gasses, the more energy it needs to shuffle
around. Hurricanes are one way of doing just
that. The potential risks from just such an event
had been described in the region’s major daily
paper, yet the response to the hurricane seems to
indicate that little action had been taken to get
ready. The lessons of the event must be taken seri-
ously by all sectors of society because climate
change is a certainty, is now well underway, and
will impact us all (Fischlin and others 2007).
The fourth series of reports issued in 2007 by
the Intergovernmental Panel on Climate Change
(IPCC 1V), in what is a conservative account of
climate change and its impacts, warns us clearly
that major effects on forests must be expected
(Fischlin and others 2007; Nabuurs and others
2007). In northwestern North America, the cli-
mate has already changed and is continuing to
change, and those changes are having serious
impacts on regional forests. Furthermore, in one
of the IPCC IV reports, Fischlin and others
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(2007) identify northwest North American
forests as especially likely to be impacted by cli-
mate change. The devastating mountain pine
beetle (Dendroctonus ponderosae) outbreak in the
interior of British Columbia and adjacent regions
has single-handedly altered the character of
forests over a huge area in less than decade (Car-
roll and others 2006). Increases in Dothistroma
needle blight on lodgepole pines (Pinus contorta)
are also attributed to changes in climate (Woods
and others 2005). In the coastal temperate rain-
forests of British Columbia, western redcedars
(Thuja plicata) are showing excessive autumn
branchlet drop and top die-back, likely as a result
of increased summer moisture deficits (Hebda
2006).

Lessons on Climate Change from the Past

Studies of sub-fossil pollen and other plant
remains from lake and wetland sediments pro-
vide insight into what the region might be like
under warmer than present climates. Between
10,000 and 7000 years ago, the earth received
slightly more solar energy than it does today
because of normal variations in the earth’s orbit
and angle of spin. In southern British Columbia,
the climate was warmer than today by about 2 to
4 °C (3.5 to 7 °F), and summers were drier
(Hebda 1995). On the coast, dry conifer forests
dominated by Douglas-fir (Pseudotsuga
menziesii) extended well into the zone occupied
by moist western hemlock (Tsuga heterophylla)
and western redcedar forests. In the dry rain
shadow of Vancouver Island, open meadows and,
later, Garry oak (Quercus garryana) savannah or
possibly forest predominated where Douglas-fir
forests occur now (Pellatt and others 2001). East
of the Coast and Cascade mountains, grassland
occupied a much greater area than today in the
place of mid-slope and valley-bottom conifer
forests of Douglas-fir and pine (Hebda 2007). In
the southern part of the province, today’s mon-
tane and high elevation spruce-fir forests were
home to pine forests where fires were more active
than today (Hebda 1995). Inland rainforests of
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cedar and hemlock were absent (Hebda 1995;
Rosenberg and others 2003) and, to the north,
pine forests occupied regions where spruce-dom-
inated Cordilleran boreal forest occur today
(Hebda 1995).

Today’s geographic pattern of forest ecosystems
and forest composition is only 4000 or so years
old. Tt arose as a result of the development of rela-
tively moist mild climate at this time. Major fea-
tures included: widespread expansion of the range
of western redcedar and moist conifer forests;
shrinking of interior grasslands; spread of dry
interior conifer forests down-slope; and develop-
ment and expansion of high elevation spruce
forests, especially in the south (Hebda 1995; Hein-
richs and others 2002). With cooling and moisten-
ing climate, fire activity declined and wetlands,
especially bogs, spread. The tree ring sequence
from fossil Douglas-fir logs recovered from Heal
Lake sediments, near Victoria, suggest that the cli-
matic change at this time may have occurred
rather rapidly, ushering in 4000 years of relative
climatic stability (Zhang and Hebda 2005).

Considering what the fossil record reveals and
the trends already evident, we can expect climate
change now underway to be of large amplitude,
to take place rapidly, and to include extreme
events. Unlike many past natural major climatic
changes, the effects will be felt world-wide, and
unfold upon a landscape much disturbed by
human activity. The net effect will be widespread
ecological change, which obviously poses a chal-
lenge to forest managers and those working to
sustain forest values.

Climate Impacts from Models

Clearly, a business-as-usual approach to manag-
ing and sustaining forests is risky when climatic
conditions within the next few decades are uncer-
tain. Growing and planting nursery stock
depends on matching sites, seedlings, and treat-
ment strategies. Global, and now regional, cli-
mate model output can be used to gain insight
into what future forest conditions may be
(Hamann and Wang 2006), and what changes in



reforestation, including seedling stock choices,
might be appropriate.

For British Columbia, on average, widespread
warming of about 5 °C (9 °F) in the mean daily
minimum and maximum temperatures must be
expected by about 2080; in the extreme, as much
as 10 °C (18 °F) warming is not outside the range
of possibility (PCIC 2007b). Climate models do
not represent future precipitation as reliably as
temperature, but a trend to a generally wetter cli-
mate is likely. However, summers in parts of the
region will effectively be drier because of the
increased temperatures.

Using a Canadian climate model, Hamman
and Wang (2006) showed that future climatic
conditions will lead to dramatic changes for the
potential distribution of forest ecosystems in the
region, with obvious consequences to tree growth
and forest management. For example, the climate
of the Ponderosa Pine Biogeoclimatic zone in
British Columbia (see Meidinger and Pojar 1991
for description of modern forest zones) that is
representative of the dry climates of the Okana-
gan valley of southern interior British Columbia
might occur in the Peace River region of north-
east British Columbia and reach into the North-
west Territories by 2080. A climate change impact
model for western redcedar, on exhibit at the
Royal British Columbia Museum (Victoria,
British Columbia), shows suitable climate for this
species disappearing in lowlands of southern
British Columbia, but spreading into northern
British Columbia by 2080 (PCIC 2007a). Western
redcedar is a good indicator for the productive
rainforests of northwest North America. The like-
lihood of changes in cedar distribution signal
major changes in the character and distribution
of this globally important biome in the near
future. As mentioned earlier, declining cedar
health is evident now, so we must take these pro-
jected changes seriously indeed. Replanting
schemes involving this species need careful
reconsideration.

Whereas we must be cautious about the way
we use and replant moisture-needing tree species

in our forests, the situation for warm climate,
drought-tolerant species is less acute. For exam-
ple, the climatically suitable zone for warmth-
loving Garry oak will expand greatly. Areas of
suitable climate could even appear on islands of
the Alaska panhandle and on the adjacent main-
land coast by mid century. The enormous
increase in area of climate suitable for oak by
2080 east of coastal mountain ranges (PCIC
2007¢) poses critical questions about what the
nature of future forests in that zone might be.
The results of climate impact models are consis-
tent with some observed trends and with past for-
est ecosystem responses to warmer-than-present
climates, a clear indication that models realisti-
cally portray the direction and nature of change.

Impacts models for ecosystems, however, have
limitations, because they only address the ques-
tion of where suitable climate may occur. At the
predicted rate of change, loss of some tree
species, such as cedar, will considerably exceed
range expansion into newly suitable regions.
Long-lived species, such as dominant trees, often
have limited dispersal rates, long intergeneration
times, and require centuries to occupy suitable
climatic zones. This “big squeeze” of the geo-
graphic range means that natural ecological equi-
librium will not be achieved in our forest ecosys-
tems for centuries. Furthermore, stable forest
ecosystems require the development of appropri-
ate soils, with characteristic organic matter—also
a lengthy process.

Whatever way we look at the future character
of forest ecosystems in our region and around the
world, major changes must be expected. For that
reason alone, forestry management and practices
will have to change. Along with this, we need to
consider that the role of forests, based on the val-
ues we want from them (and even for them), will
shift, too. The objectives of timber and fiber pro-
duction may be replaced by carbon accumulation
and water yield. In general, the cut and re-grow
cycle typical of forest stewardship until recently
will likely have to move to one of continuous
growth and maintenance of resilience (the ability
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Figure 1. A key role for the forest nursery industry is re-bal-
ancing the emphasis in the battle with climate change from
one focused on dependence on Ancient Carbon (reducing
emissions and use of fossil fuels) (A) to a focus on support-
ing Living Carbon (ecosystems and species) and the Dead
Carbon (organic matter) that supports it (B).

to withstand stress without catastrophic transfor-
mation). Indeed, the economic pay back of main-
taining healthy carbon-scrubbing forests and
avoiding release of carbon into the atmosphere
through disturbance may be much greater than
widespread removal of forest products.

Carbon stewardship is a new integrated way of
looking at the issue of human response to climate
change. It combines actions aimed at the reduc-
tion of carbon dioxide emissions with those
aimed at adapting to the inevitable changes
ahead. In so doing, the approach shifts the focus
from simply finding alternate sources of energy
and reducing energy consumption (dependence
on Ancient Carbon) to sustaining and restoring
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Living Carbon (Figures la and b ). We cannot
exist without the Living Carbon of terrestrial
ecosystems, agricultural fields and aquatic envi-
ronments. Living Carbon feeds us, provides jobs
and many other values, and depends on organic
matter in the soil or sediments, which I call Dead
Carbon. The Living Carbon also plays a central
role in removing carbon dioxide through photo-
synthesis and primary production. Good Carbon
Stewardship considers the impacts of activities on
all aspects of carbon, not just the reduction of
emissions. For example, if production of bio-
fuels, such as converting forest wastes to stove
pellets, jeopardizes Living Carbon systems and
the Dead Carbon in the soil that supports them,
then it may not be as effective a strategy as we
may think to deal with climate change.

The forest nursery industry has a particularly
important role in supporting Living Carbon by
providing the appropriate raw materials for ter-
restrial ecosystems to return to a healthy condi-
tion, either by replanting on non-forested sites or
in-planting on sites whose resilience has been
jeopardized. This new role was explicitly recog-
nized in the theme and title of this 2007 nursery
meeting in Sidney, British Columbia, “Growing
and Planting More Trees: A Common Goal and
Responsibility.” Restoring, rebuilding, or regener-
ating forest ecosystems around the globe is the
most effective mechanism we have at this time for
beginning to take carbon dioxide out of the
atmosphere today. At this point, it is important to
note that the species that will be used for this pur-
pose in the future may not be the same, or be lim-
ited to, those that are traditionally supplied to the
forest industry for timber or fiber production.

Strategies for the Future

Climate change poses many challenges and pro-
vides opportunities for the forest nursery indus-
try. Wide-scale ecological and, likely, economic
change is certain to occur; however, the degree of
change and the path that change will take is not
well understood yet. For sure, there will be alter-
ations in the structure and composition of



forests, and, in some places, forest ecosystems will
simply not be supported by future climatic con-
ditions. In northern and high elevation portions
of our region, forests are likely to expand their
range (Hamann and Wang 2006) and trees will
grow more rapidly and to a larger size than today.
Considering the enormous and likely impacts of
the climate change challenge ahead, we must
begin taking action now, both at the strategic and
practical levels.

General Strategies

At the strategic level, the focus needs to shift
from growing trees to growing and sustaining
forests. These two are certainly mutually compat-
ible goals, but they are not the same. Society will
almost certainly expect many roles from our for-
est ecosystems, especially those related to mitigat-
ing carbon dioxide levels in the atmosphere and
providing a reliable supply of water.

We also need to prepare for extremes and sur-
prises. The mountain pine beetle outbreak in
central British Columbia has come as an unpleas-
ant surprise (Carroll and others 2006). The blow-
down of many large trees during an intense wind-
storm in Vancouver’s Stanley Park was another
surprise. Exceptional weather events are almost
certain as climate moves toward a new set of
norms.

Bold forest and landscape management exper-
iments will prove valuable as an adaptation strat-
egy for the future. Following a status quo
approach brings with it high risks of failure, espe-
cially because decisions made now commit us to
outcomes many decades down the line. We need
to establish practices that broaden our options
and spread the responsibility for risk of failure in
the future. Diversified replanting schemes involv-
ing several species is one mechanism to reducing
overall risk.

The uncertainty in terms of the character and
location of future forest ecosystems and the
expectation of multiple values requires land-
scape-level planning of forest ecosystems and,
especially, forest management and use. Esta-

blishing the sensitivity of geographic regions,
species, and genetic stocks to climate change will
be part of the landscape approach. There is little
point in planting standard species or stocks in
regions highly sensitive to climate change. In
British Columbia, most biogeoclimatic zones
(macro-ecosystems) are expected to change by at
least one type (to a warmer one) (Hebda 1994).

Our knowledge of the ecology of species and
ecosystems remains poor. We have an excellent
descriptive knowledge of the distribution and
character of our forests but we have only a rudi-
mentary understanding of the processes that
shape them (mycorrizhae for example). An
understanding of the climatic controls on species
distributions and key processes (bio-climate pro-
files) is especially needed for planning future
forests. With a sound knowledge of species-cli-
mate relations, and especially of the responses of
pests to climatic change, decision tables could be
constructed to assist in forest management at
specific sites.

Operational Strategies

With respect to timber and fiber production, it
may be necessary to develop intensively managed
ecological plantations for high value yield. In
such plantations, comprehensive monitoring of
growth, pests, and diseases might allow risks to be
minimized or avoided through practices such as
pest control and moisture management. Under
such conditions, there might also be interest in
species and stocks with short rotation times to
reduce exposure of the stand to unacceptable cli-
mate variability.

Other on-ground adaptive approaches might
include:

:* Minimizing soil disturbance when replanting
to limit sites for invasive species, and to limit
exposure of organic matter to decomposition;

sz Use of plantings of mixed species and genetic
composition, perhaps at high initial densities
to optimize survival rates;
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2 Regular monitoring for impacts and immedi-
ate repeat planting where poor growth or
seedling and sapling death is noted;

2 Saving and propagating genetic stocks from
hot and dry extremes of a species range,
because growing trees for survival may
become as important as growing perfectly
formed trees quickly.

One caution, at least for the time being, is to
avoid the inclination to propagate and use species
foreign to the region just because they grow well.
Invasion of native ecosystems by alien species will
almost certainly be a major battle for decades to
come. The use of species that might naturally
migrate into a region is acceptable. But introduc-
ing exotic species from other continents or across
major natural barriers is not recommended at
this time. These species have the capacity to
weaken the natural resilience of the forest land-
scape at a time when it needs to be as strong as
possible.

As far as the forest nursery industry is con-
cerned, it will be hard to anticipate when the
demand for a diversity of seedlings will arise.
Nurseries should be prepared, however, for the
potential demand by broadening their capacity,
by increasing expertise, and beginning experi-
mentation with different species. Opportunities
to do this may arise through experimental trials
in collaboration with a range of land tenure hold-
ers, such as watershed agencies, land trusts, First
Nations, and various levels of government. Such
experiments might well be supported through
grants, providing an opportunity for pre-adap-
tive development by the industry.

In general, the rate of climate change is going
to increase; the longer we wait to return ecologi-
cal integrity to our forest ecosystems, the more
difficult it will be to do so. Widespread replanting
and in-planting to establish healthy stands now is
vital to prepare our forested landscape before
major changes really set in. It would seem that the
forest nursery industry is likely to have bright
future ahead. And the knowledge and skills
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gained here in the Northwest may have broad
application around the globe.
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ABSTRACT

Trust is particularly vital in the leadership of organiza-
tions. Trust is built by working through joy, fear, and
vulnerability, especially as it relates to trust in others
and in teams. Key is learning to trust the right people
in the right way in the right circumstances. In addition
to proven competence and confidence in a fellow
employee s or teammate s ability to get a job done, cre-
ating a trust space requires 4 people practices:
being truly open; really listening; developing common
passion and/or purpose; and collaboratively sharing
responsibility. Continually working at those 4 practices
makes it more likely that people will be honest and
forthright with one another, be able to rely on one
another to get a job done well, keep confidences, fulfill
expected roles, and so on. The ultimate trust test is
when someone takes a leap of faith with another per-
son or with an entire team of people. Whether that leap
of faith involves thoughts on how the group could
improve, radical or creative ideas that would normally
be withheld, feelings about progress or lack of same in
a group or job, or something else, the embrace of the
leap by the other person(s) is essential to achieving
high-performance, bonding, and organizational suc-
cess.
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Introduction
Concern has been noted over the lack of qualified
applicants for vacancies in forest nursery posi-
tions. The University of Idaho Center for Forest
Nursery and Seedling Research is uniquely quali-
fied to address the issue of training given its fac-
ulty, staff, and resources. The keystone resource
in this regard is the Franklin H Pitkin Forest
Nursery, a seedling production facility that oper-
ationally grows up to 500,000 plants per year for
forestry, conservation, and restoration use in the
Inland Northwest. This facility has an on-site
research laboratory for conducting seedling qual-
ity assessment, and is located near the main cam-
pus of the University of Idaho.

Faculty expertise in silviculture, ecology, nutri-
tion, pathology, and entomology will allow for
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inclusion of a broad set of courses with appropri-
ate personnel directing them. The degree to
which these courses should be included, however,
is unknown. Thus, it was decided that, for a pro-
gram of this nature to be successful, a survey was
needed to draw input from current nursery pro-
fessionals into the fold. By addressing the breadth
of nursery professionals, in terms of organiza-
tional structure, ownership, geographic distribu-
tion, and species produced, it is possible to iden-
tify the common threads across the profession to
provide adequate educational opportunities
needed to prepare students for this field. Devel-
opment of a program that involves stakeholder
input to meet the needs of the forest and conser-
vation nursery profession will help to avoid the
potential dichotomy that currently exists between
training needs and what is provided, as described
by Sample and others (1999) pertaining to
forestry education in the US.

Methods

Perusal of current course offerings and identifica-
tion of potential shortcomings resulted in a list of
subject areas that pertain to nursery production.
This information was used to collate a survey.
Following a short presentation highlighting the
current program at the University of Idaho Cen-
ter for Forest Nursery and Seedling Research,
attendees of the Joint Meeting of the Western
Forest and Conservation Nursery Association
and Forest Nursery Associations of British
Columbia in Sidney, British Columbia, Canada
(17-19 September 2007) were asked to complete
the survey. A list of courses currently required for
the Bachelor of Science in Forest Resources was
provided to the attendees. Results are presented
as interim findings only and will be collated with
data collected from other meetings as well.

Plant Physiology

Plant Propagation -

Pest Management

Soils

Business and Operations -

Forest Management -

Ecology

—
_
o 2 4 6 8

Rank {scale from 1 to 7 with 1 most important)

Figure 1. Responses to being asked to rank broad subjects in order of importance (1 is most important; bar represents stan-

dard deviation). N = 78.
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Plant Growth and Development

Nutrition

General

Biochemistry

Biotechnology

Ecophysiology

I T T T T T T
0 1 2 3 4 5 6

Rank (scale from 1 lo 6 with 1 most important)

Figure 2. Ranking of potential courses in the field of plant physiology in order of importance (1 is most important; bar repre-

sents standard deviation).

Plant Propagation

Tissue Culture and Micropropagation

B -—

1 2 3 4

Rank (scale from 1 to 3 with 1 most important)

Figure 3. Ranking of potential courses in the field of plant propagation in order of importance (1 is most important; bar rep-

resents standard deviation).
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Plant Pathology

Integrated Pest Management

Entomology

Weed Control

o
-
L+
(=]
S
(2]

Rank (scale from 1 to 4 with 1 most important)

Figure 4. Ranking of potential courses in the field of pest management in order of importance (1 is most important; bar repre-
sents standard deviation).

Nutrient Cycles, Flows, and Pools

Soil Chemistry

Soil Fertility

Soil Morphology

Soil Biology

Soil Physics

=]
L]
£
o
-

Rank (scale from 1 to 6 with 1 most important)

Figure 5. Ranking of potential courses in the field of soils in order of importance (1 is most important; bar represents stan-
dard deviation).
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Nutrient Cycles, Flows, and Pools

Soil Chemistry

Soil Fertility

Soil Morphology

Soil Biology

Soil Physics
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w

Rank (scale from 1 to 6 with 1 most important)

Figure 6. Ranking of potential courses in the field of business and operations in order of importance (1 is most important;
bar represents standard deviation).

Forest Regeneration

Silviculture

Statistics

Plant-Animal Interactions

Modeling

Wildlife Habitat Management

Spatial Analysis

2 4 6 8

o

Rank (scale from 1 to 7 with 1 most important)

Figure 7. Ranking of potential courses in the field of forest management in order of importance (1 is most important; bar rep-
resents standard deviation).
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Forest Ecology

Ecosystem Analysis -

Wildland Restoration

Fire Ecology and Management -

Wildlife Ecology

Rank (scale from 1 lo 5 with 1 most important)

Figure 8. Ranking of potential courses in the field of forest ecology in order of importance (1 is most important; bar represents standard

deviation).

Results

Demographics

A total of 77 surveys were returned. Of those,
34% of respondents are growers, 49% are man-
agers, 14% are researchers, and 1% are students.
The employment base was 65% in the private sec-
tor, 29% in government, and 4% in academia. For
8% of respondents, the highest level of education
completed is high school; 31% have some college
education; 35% have a bachelor’s degree; and
23% have a graduate degree. Finally, respondents
have worked an average of 19 £ 9 years in the
nursery trade.

Response to the Need for Nursery Education

A total of 86% of respondents reported that
educational opportunities were currently inade-
quate for students interested in forest nursery
production. The other 14% did not indicate a yes
or no answer, but did complete the remainder of
the survey. As well, 86% of respondents reported
that a nursery minor would be an effective way to
address this problem. Respondents reported the
most important subject area component (Figure
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1) of such a nursery minor program was plant
physiology, followed by plant propagation, pest
management, soils, business and operations, for-
est management, and ecology. Potential specific
subjects were ranked for each of those options
(Figures 2 through 8).

A total of 94% of respondents reported that a
nursery minor should include practical work
experience; 3% felt that it should not. A total of
68% felt it should occur during the summer
months, 52% during the fall semester, 56% dur-
ing the spring semester. When broken down fur-
ther, 42% felt it should be administered by a uni-
versity; 31% reported that such a practicum
should occur at a government nursery; and 71%
reported that it should occur at a private nursery.

A total of 49% of respondents felt that nursery
minor students should be required to complete a
senior research project associated with nursery
production.

Discussion and Future Directions
From the demographic data, we obtained a rela-
tively good idea of the composition of those who



attended the meeting. As one might expect, most
participants are professionals. Of particular rele-
vance to this paper, however, is the low student
attendance, which could be symbolic of the
greater problem of within-profession recruit-
ment and replacement. Without student atten-
dees, are we missing an opportunity to engage
new people in our profession? Without a profes-
sional organization dedicated to recruitment of
future nursery production employees, it is
incumbent on professionals to work together in
this regard.

In terms of course work, the high emphasis on
plant physiology identifies this subject area as one
of key importance. Within plant physiology, 2
courses, plant growth and development and
nutrition, received consistently high grades. The
general subject area of plant propagation ranked
second and, not unexpectedly, highlights the
importance of this subject matter in the forest
nursery production field. Forest management
and ecology scored relatively low, likely indicating
that these subject areas are adequately covered
within the existing Forest Resources degree.

It is clear that practical work experience is
viewed as valuable, with 94% of respondents
identifying that this should be part of a minor
program. This is an area that, again, can be
achieved through partnership. Ensuring the
availability of professional development oppor-
tunities for students will help them from both an
educational perspective and a career develop-
ment perspective. Sample and others (1999)
identified that paid summer internships were a
strong opportunity to recruit into forestry. We
can refine this mentality to the nursery perspec-
tive, and work together to develop learning objec-
tives for any student intern.

In conclusion, current needs in nursery educa-
tion may be addressed through a program such as
a minor to accompany an undergraduate degree.
Stakeholder input has highlighted subject areas
such as plant physiology and plant propagation as
being of high importance in this education. As
more data points are added to the pool from

additional surveys, results will be analyzed in
detail and used to inform decision-making as we
work towards new educational programs.
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ABSTRACT

Douglas-fir bark is a common waste product of forest
industry, and has potential use as a substrate in con-
tainer nurseries. Douglas-fir bark (DFB) is strongly
acidic and contains amounts of phosphorus, potassium,
iron, copper and manganese within or above the levels
recommended for growing container crops. As the pH of
DFB decreases, electrical conductivity and amounts of
extractable phosphorus, calcium, magnesium, boron,
and iron increase. Although liming unfertilized DFB
with calcium carbonate up to 3 kg/m3 (5 lb/yd3) is
effective at raising pH, the resulting pH is higher than
desired for container plants after 6 incubation weeks.
Native phosphorus in aged DFB leaches quickly under
typical nursery conditions, but it may still be a reliable
phosphorus source for plant growth for at least a
month, providing pH is kept low.
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Bark screen size seems to have a stronger effect on
the uniformity of DFB chemical properties throughout
the year than does bark age. Non-amended fresh and
aged DFB provided sufficient micronutrients for the
growth of annual vinca for up to 2 months when pH was
kept low (< 5.7).

KEYWORDS

Pseudotsuga menziesii, fresh bark, aged bark, container
growing media, macronutrients, micronutrients,
phosphorus

Introduction

Douglas-fir (Pseudotsuga menziesii) bark (DFB)
is considered by many nursery managers to be an
excellent growing medium (substrate) for con-
tainer production, hence its widespread use in
Oregon and other regions where DFB constitutes
a significant portion of the forest products indus-
try. DFB is sold fresh or aged for use in container
nurseries. Fresh DFB is sold soon after it is
removed from the tree, ground to smaller particle
sizes, and screened. Aged DFB goes through the
same process, then sits undisturbed in large piles
(7 to 12 m [23 to 39 ft] tall) for an average of 7
months before use. Although nursery managers
are equally divided in their preference for fresh or
aged bark (Hoeck 2006), some who prefer fresh
material do so believing it has more consistent
properties throughout the year. No research sup-
ports this statement.



Despite widespread use, little information is
available on the chemical properties of either
fresh or aged DFB as a growing medium for use
in containers, whereas pine bark-based substrates
commonly used in the southeastern US and
sphagnum peat-based substrates have been more
thoroughly studied. In general, the pH of pine
bark is strongly acidic, ranging from 3.4 to 4.8
(Odgen and others 1987; Tucker 1995). The pH
of sphagnum peat-based substrates can range
between 3.5 and 5.5 (Williams and others 1988).
Liming pine bark or peat with either calcitic
(CaCO3) or dolomitic (CaCO5 - MgCOj3) lime is
a common practice. The typical range of lime
added to pine bark is 3.0 to 15.0 kg/m3 (5 to 25
Ib/yd3), depending on the pH correction required
(Prasad 1979; Nelson 1998). Williams and others
(1988) showed that pH of sphagnum peat
increased quadratically with increasing lime rates
up to 7.0 kg/m3 (11.6 Ib/yd?).

Based on Warncke’s (1998) water-extractable
macronutrient standards for container crops, non-
amended pine bark has low ammonium (NH,-N)
(0.3 ppm) and nitrate (NO3-N) (0.7 ppm) (Poko-
rny 1979), high phosphorus (P) (11 to 23 ppm)
and potassium (K) (134 to 215 ppm) (Tucker
1995), and low calcium (Ca) (21 to 39 ppm) and
magnesium (Mg) (7 ppm) (Starr and Wright
1984). In general, non-amended pine bark con-
tains sufficient micronutrients for woody plant
production (Niemiera 1992; Svenson and Witte
1992; Thomas and Latimer 1995; Rose and Wang
1999; Wright and others 1999).

Bollen (1969) showed that pH and nutrient
content of DFB differs from other conifers, there-
fore research conducted on nursery use of pine
bark cannot be extrapolated to DFB. Lacking
information on DFB chemistry, we conducted a
one-year survey of fresh and aged DFB from the
2 primary suppliers (bark sources) for Oregon
nurseries; for practical purposes, we will present
the 25% to 75% quartiles of the data collected for
each chemical variable measured. We conducted
experiments to discern: 1) the effect of liming on
DFB pH; 2) how aging affects DFB chemistry;

and 3) how those changes affect growth of annu-
al vinca (Catharanthus roseus ‘Peppermint cool-
er’). We used vinca because it is responsive to
variable micronutrient nutrition. Although the
complete results are presented in detail in Buam-
scha and others (2007a,b) and Altland and
Buamscha (2008), here we present a summary of
our important findings that may be used as a
starting point for managers of forest and conser-
vation nurseries interested in trying DFB in their
production system.

DFB pH and Liming

Throughout the year, we found that pH of DFB
was about 4.0 to 4.7 when fresh, and 3.5 to 4.5
after aging 7 months. These values were below the
recommended range (5.0 to 6.0) for container
crops (Yeager and others 2000), but similar to the
range of pH reported for non-amended pine bark
(Odgen and others 1987). This low pH is why
most ornamental nurseries in Oregon amend
DFB with lime. We conducted a separate study to
understand the effect of liming DFB with increas-
ing rates of calcitic lime (CaCO3) (Altland and
Buamscha 2008). We found that, after 6 weeks,
non-amended aged DFB had a pH of 5.7, where-
as amending it with 0.6, 1.5, 3.0, and 4.5 kg
CaCO3/m? (1.0, 2.5, 5.0, and 7.5 Ib CaCOj3/yd3)
raised pH to 6.1, 6.7, 7.0, and 7.1 respectively.
Although some Oregon growers use rates up to
20 Ib/yd3 (personal observations), we found that
pH did not increase appreciably above the 5 Ib
rate; pH was 7.2 when adding 12kg/m3 (20
Ib/yd3). Our results agree to similar research con-
ducted in peat (Williams and others 1988). Most
ornamental species grow well in containers with
pH between 5 and 6. Our work with DFB indi-
cates that even low (1.5 kg/m?3 [2.5 Ib/yd3]) rates
of CaCOj after 6 weeks of production seem to
raise pH values above the recommended range in
the absence of other fertilizer additions. Growers
may still wish to add lime, particularly if they use
fertilizers with a strong acid reaction. Our results
suggest that adding 3.0 to 4.5 kg CaCO3/m3 (5.0
to 7.5 Ib/yd3) would be sufficient for amending
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DFB pH to near neutral, but the short duration of
our study failed to provide much insight on the
question of how the pH of container media
changes over the course of an entire growing sea-
son in Oregon nurseries. More research is needed
to quantify this aspect of DFB pH.

Macronutrients and Salts

Throughout our one-year survey, we found that
electrical conductivity (EC) and sodium (Na)
levels were low (data not shown) in fresh and
aged DFB. As expected, NHy-N and NO3-N lev-
els were also consistently low and similar between
bark ages (average 1.3 and 0.3 ppm, respectively),
concurring with Bollen (1969) for DFB and Poko-
rny (1979) for pine bark. We found extractable P
levels in fresh and aged DFB were several times
higher 