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Abstract

In North America, most tree nursery nutrition publications during the past two
decades involved either container-grown stock or stock grown in greenhouses. In
contrast, most bareroot nursery fertility trials in North America were published during
the last century. As a result, some bareroot fertilization recommendations have

ARTICLE INFO remained the same since 1980 and some practices continue to be based on myths and

assumptions. The bareroot nursery industry in the USA might benefit if the next

g:jffg,') (2018) Fertilizer trials for generation of graduate students will consider testing old and new theories about
bareroot nurseries in North nursery fertilization. Hopefully, they will discover new facts so that future fertilization
America. Reforesta 5: 54-76. regimes will be based on science. This paper provides various fertilizer trials that
DOL: ) should be established in bareroot nurseries.
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1 Introduction
E If fertility research in North American nurseries ceases, then myths, mistakes

and stagnation will prevail. Fertility research in bareroot nurseries peaked before 1990
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and has been on a decline ever since. In North America, the “enthusiasm gap” (Haase
and Davis 2017) for bareroot fertility research is rather large. As a result, some 40-year
old practices (Sweetland 1978) are still used in bareroot nurseries. For example, 55%
of bareroot nurseries in the southern USA still apply K in the fall (Starkey et al. 2015)
even though this practice has little benefit (Andivia et al. 2012; Benzian et al. 1974;
Birchler et al. 2001; Bryan 1954; Dierauf 1982; Hinesley and Maki 1980; Khan et al.
2013; Rowan 1987; South and Donald 2002; South et al. 1993). | do not know of any
physiologists who has data to show that fertilizing pines in the fall with K will “harden-
off” seedlings. Likewise, some nursery managers still apply calcium nitrate to “harden-
off” seedlings. Unfortunately, 20" Century research is of little use when it is ignored
or forgotten or was never published.

In the absence of 21° Century research, myths and opinions will contribute to
deciding when, how much and what type of fertilizer to purchase. It is easy to start
myths, especially when using the precautionary principle. Just write it down in a
publication and show the publication to your friends. Fortunately, myths can be
relatively easy to stop by graduate students who follow the scientific method. If the
next generation will test hypotheses in bareroot nurseries, they can help to improve
our fertilizer regimes. The objective of this paper is to provide a list of hypotheses for
those graduate students who choose to test fertilizers in bareroot nurseries in North
America.

[Note: Nutrient levels mentioned in this paper were determined using the
Mehlich 3 extraction procedure. B = boron. Ca = calcium. Cu = copper. Fe = iron. K =
potassium. Mg = magnesium. Mn = manganese. N = nitrogen. Na = sodium. P =
phosphorus. S = sulfur. Zn = zinc. ppm = parts per million. Cation exchange capacity =
CEC. HO= null hypothesis. LSD = least significant difference.].

2 Macronutrients

2.1 Nitrogen

Urea is the second most popular N source for farmers in the United States and
is sometimes used as the primary N source for growing tree seedlings (Jacobs et al.
2005; Knight 1978; McNabb and Heser 1997; Sing et al. 2017). Urea may be taken up
quicker than other forms of N (Coker et al. 1987; McNabb and Heser 1997). However,
when too much granular urea is applied to young seedlings, growth is reduced
(Faustino et al. 2015; Sander 1966; South 1975; Villarrubia 1980) and in some cases
seedlings may die (Winston 1974). When seedlings are older, they become tolerant of
liquid formulations of urea applied at appropriate rates (Sander 1966). Some mangers
apply liquid urea (23-0-0) to grow both pine and hardwood seedlings.

HO: When liquid urea (23-0-0) is applied to six-week old pine seedlings (< 11
cm tall), seedling tolerance is not affected by either the amount of irrigation after
application (zero, 1 cm) or the rate of application (0, 10, 20, 40, 80, 160 kg ha™).

When applied correctly, certain N fertilizers can increase freeze tolerance of
seedlings (Andivia et al. 2012; Islam et al. 2009; Rikala and Repo 1997; Taulavuori et al.
2014; Toca et al. 2017; Triebwasser and Altsuler 1995; Villar-Salvador et al. 2013). For
example, “Needles from seedlings with 0.64% N (dry mass basis) before hardening did
not harden. Those with 0.87% N showed a lesser degree of hardiness than those with
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1.28% N” (Bigras et al. 1996). Likewise, for longleaf pine (Pinus palustris), seedlings
with 0.9% N were less cold tolerant than seedlings with 1.8% N (Davis et al. 2011).
Although ammonium nitrate can increase freeze tolerance of several pines (Toca et al.
2017), it is not known if other forms of N will also be as effective. One study suggests
that applying urea to pine seedlings in the fall does not increase freeze tolerance
(Montville and Wenny 1990).

HO: Increasing foliar N concentrations in the fall with either nitric acid or
urea (0, 33, 66, 99 kg N ha) does not affect freeze tolerance of ponderosa pine
(Pinus ponderosa) seedlings.

Managers often apply liquid fertilizers to improve uniformity of application
and to improve the growth and color of seedlings (Sander 1966). But do the nutrients
penetrate through the needle wax? Although there are several advantages of applying
liquid fertilizers to seedlings (Gagnon and DeBlois 2017), some people do not claim
any benefit from “foliar feeding” of conifers. In most cases “the fertilizer is washed off
the foliage and into the soil with irrigation immediately after spraying” (Triebwasser
and Altsuler 1995). Although foliar feeding through needles may occur in greenhouse-
grown seedlings (Eberhardt and Pritchett 1971), | expect a thick layer of epicuticular
wax prevents most nutrients from penetrating the needles of outside-grown loblolly
pine (Pinus taeda) seedlings (Coker et al. 1987). Typically, micronutrients that are
applied in July are washed into the soil (during rainfall and irrigations) and afterwards
a portion is taken up through the roots. Dr. Sam Lyle (1972) had to cover pine
seedlings with a plastic bag (for 1 or 2 days) to get the foliage to take up nutrients.
Since many hardwood species have a thinner epicuticular wax, they might respond to
foliar applications without the use of plastic bags (Lyle 1972). The thickness of the
epicuticular wax increases with leaf age and this can reduce uptake of foliar applied N
(Bondada et al. 2001).

HO: When loblolly pine seedlings are grown outside in full sun, then applying
urea (23-0-0) to older needles (using a paint brush) does not correct the N deficiency
of younger needles near the shoot apex.

A few professors have said that nitrate-based fertilizers (e.g. nitric acid, Ca-,
Mg-, K-, Na-nitrate) are not good fertilizer sources for bareroot conifers. These claims
are likely based on certain hydroponic and greenhouse studies (Bedell et al. 1999;
Christersson 1972; Davey 1988; van den Driessche 1978) while disregarding contrary
research from greenhouse studies (Addoms 1937; Everett et al. 2010; Pharis et al.
1964), nurseries (lyer et al. 2002; Lyle and Pearce 1968; Ogbonnaya and Kinako 1993;
Radwan et al. 1971), shade-houses (Radwan and DeBell 1980) and plantations (Fisher
and Pritchett 1982; Kais et al. 1984; Knight 1963; Radwan et al. 1984; Weetman and
Fournier 1984). Some hardwoods grow better when fertilized with a 3:1
nitrate:ammonium ratio (Kim et al. 2002). Just because some hardwoods are sensitive
to fertilizers that contain Na (Thorton et al. 1988), this does not mean that nitric acid
and calcium nitrate are not good sources of N. In fact, some favor nitrate-based
fertilizers when mixing up stock fertilizer solutions (Barker 2010; Donald 1991;
Murison 1960; Tinus 1984).
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HO: When fertilizing bareroot northern red oak (Quercus rubra) seedlings
with equal rates of N and S, growth is the same when applying either 6% nitric acid
(+ S) or ammonium sulfate.

In the past, some N was applied prior to sowing pine seed (Hinesley and Maki
1980; Marx et al. 1984; Leach and Gresham 1983; May 1985; Rowan 1971; van den
Driessche 1984). Some managers now accept the view that most of the N applied
before sowing may be leached before seedlings can benefit from the application
(Knight 1978). In addition, to reduce the chance of damping-off, some recommend
delaying applying N fertilizers until after germination is complete (Tinus and McDonald
1979). However, pre-sowing fertilization in Petri dishes can produce some positive
effects on germination of pine seed (Henig-Sever et al. 2000) and applying urea before
sowing might suppress damping-off of slash pine (Pinus elliottii) seedlings (Huang and
Kahlman 1991). Is there any benefit from applying urea before sowing pine seed?

HO: Applying urea to the soil before sowing has no effect on seed efficiency
of either pines or hardwoods.

Applying too much urea before (or after) sowing can reduce the production of
hardwood seedlings (South 1975). What concentrations of urea are toxic to young
hardwood seedlings? Some say the solution should not exceed 0.5% (urea
mass/solution mass) for some hardwoods (Knight 1978) but solutions as high as 16%
have been applied in a greenhouse (Bondada et al. 2001). Some conifers are tolerant
of solutions containing 14% urea (Gagnon et al. 2017). Applying 23-0-0 at 10 kg N ha™
(at 310 | ha') would amount to a 7% urea solution.

HO: When applying 310 | ha™ of solution to young sycamore (Platanus
occidentalis) seedlings, there are no phytotoxic effects from applying 23-0-0 (urea) at
0, 10, 20, 40, 80 kg N ha’ (with no irrigation after application).

Figure 1. Photos of Pinus taeda seedlings at the Great Southern Nursery in Georgia were taken by Gary Cannon on March
3, 1982. Seedlings in the right photo were fertilized in September 25, 1981 with diammonium phosphate (140 kg ha't)
while those in the left photo were not treated. The fall-fertilized seedlings broke-bud sooner in the spring indicating
nutrition affected seedling performance.

In some trials, a seedling’s field performance is increased by N fertilization
(Figure 1), even when the fertilizer treatment did not affect seedling morphology. This
is because root-growth potential and height growth in the field can be related to foliar
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2.2 Phosphorus

N concentration (Autry 1972; Barber et al. 1991; Grossnickle 2012; Irwin et al. 1988;
Jackson et al. 2012; Larsen et al. 1988; Oliet et al. 2013).

HO: There is no benefit (e.g. foliar N concentration, root-growth potential,
early bud-break in the spring) from applying N (0, 100 kg ha) to conifer seedlings
after September 21.

A 21-week delay in fertilizing container-grown pines might reduce seedling
mass by 70% (Mexal et al. 1995). How much of a decrease in mass would result from a
2-week delay in N fertilization of bareroot seedlings?

HO: There is no difference in growth of bareroot loblolly pine seedlings when
initiating a fertilization program (e.g. 23-0-0 @ 10 kg ha per application) at three
different times after sowing (5-, 7-, 9-weeks). Total application rate for each
treatment would be 150 kg ha.

Some mangers add the herbicide oxyfluorfen to the liquid fertilizer solution
because this reduces fuel costs. Does liquid urea increase the phytotoxicity associated
with oxyfluorfen?

HO: Phytotoxicity to 6-week old whitebark pine (Pinus albicaulus) seedlings is
not increased when applying a liquid urea (23-0-0) solution to oxyfluorfen.

What happens when soil P in a bareroot nursery gets too high? Applying 488
kg P ha! before sowing can cause chlorosis and stunting of loblolly pine (Steinbeck et
al. 1966). May (1964) said that high P may encourage a deficiency of Zn, Fe, Cu and N.
Fertilization with diammonium phosphate can cause a Cu deficiency in loblolly pine
plantations (South et al. 2004). In one trial with slash pine, applying high rates of P
lowered foliar K concentration to below 0.25% (Brendemuehl 1968).

Soil P levels may be increasing at some bareroot nurseries. In 1977 (Marx et
al. 1984), the highest soil level reported in nurseries was 155 ppm (double acid
extraction). At that time some managers were applying 217 kg P ha to seedbeds
(Brendemuehl and Mizell 1978). Four decades later four nurseries had fields where the
levels exceeded 160 ppm (Mehlich 3) and the level in one field exceeded 300 ppm P. If
healthy seedlings are produced at 300 ppm P, at what level would seedlings appear
abnormal?

HO: The level of soil P (100, 200, 400, 800 ppm) before sowing has no effect
on foliar nutrient values in loblolly pine seedlings in November.

Experts differ on the minimum desired level for soil P in pine nurseries but do
these minimums have any practical value? Soils at many nurseries test high for P and,
therefore, most soil agronomists do not recommend fertilizing seedbeds with P.
However, even a soil with 100 ppm P will not prevent a P deficiency when mycorrhizae
are absent (South et al. 2018). In contrast, when mycorrhizae are present, adequate
growth of seedlings can be achieved in soil with 11 ppm available soil P (Wall 1994).
Therefore, where are the data to show fertilizer should be applied when soil has 20
ppm P? Soils low in mycorrhizal inoculum should be fertilized with P but testing soil
chemistry says nothing about the status of soil biology. Therefore, when mycorrhizal
spores are present, and the soil contains 25 ppm, will adding P before sowing make
any difference?
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2.3 Potasium

HO: The level of soil P (20, 40, 80, 160 ppm) before sowing has no effect on
the growth of mycorrhizal bareroot pine seedlings.

When spring fumigation eliminates ectomycorrhizal soil inoculum, nursery
managers may apply P to increase the level of P in the foliage (South et al. 1988) but
the timing of application is important. Waiting too late to correct the P deficiency can
results in a variable seedling crop (South et al. 2018). The next generation of
researchers could determine the most effective rates and timing of application.

HO: The date of application (week 5, 7, 9 after sowing) and rate of liquid P
fertilization (0, 20, 40, 80 kg P ha) have no effect on the growth of non-mycorrhizal
loblolly pine seedlings in bareroot seedbeds.

Some experts say that applying ammonium phosphate before sowing may be
beneficial, but is this a myth or a fact? This practice might be beneficial when soil does
not contain mycorrhizal inoculum, but will it increase seed efficiency in mycorrhizal
soil when the soil P level is high? Applying 59 kg P ha (0-46-0) before sowing had no
significant effect on shortleaf pine (Pinus echinata) (Brissette and Carlson 1987).

HO: In sandy soils with adequate mycorrhizal inoculum and P level >100 ppm,
applying ammonium phosphate or phosphoric acid before sowing has no effect on
seed efficiency of pine or hardwoods.

Some experts say that container-grown pines should have twice the
concentration of P in the foliage as bareroot pines. Is this a myth or a fact? In one
survey (Starkey and Enebak 2012), the median values for loblolly pine foliage in
January were about the same (0.13% and 0.15% P for container and bareroot stock,
respectively). | suspect the twice-as-much assumption was based upon sampling stock
of different sizes that were grown under different environments and sampled at
different ages. When grown outside using the same seed, sowing date, fertilization
program and testing lab, is there a difference in foliar P levels when seedlings of the
same size are sampled in October?

HO: When pine seedlings are grown to the same size in the same soil using
the same fertilizer practice, there is no difference in foliar nutrient levels (October)
between container stock and bareroot stock.

Some researchers and nursery managers apply about 60% more N than K to
produce bareroot pine seedlings (Table 1; van den Driessche 1984). However, when
soil K values are low, some managers are told to apply 33% more K than N. Is the
practice of applying more K than N based on greenhouse research (Brix and van den
Driessche 1974)? Some container-grown pine seedlings will grow slower when
fertilized with more K than N (Del Campo et al. 2011; Oliet et al. 2004). If a 2 N/K ratio
is suitable for container stock, why fertilize bareroot seedlings with a 0.75 N/K ratio?

HO: The ratio of N (180 kg ha™) to K (0, 60, 120, 180, 240 kg ha) has no
measurable effect on either the morphology or the freeze tolerance of bareroot
loblolly pine seedlings.
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Table 1. Selected examples of the ratio of nitrogen (N) and potassium (K) used when fertilizing bareroot pine seedlings.
Median N/K ratio = 1.6.

Species N K N/K Ratio Reference
Kghal Kghal

Pinus taeda 185 24 7.7 Greene and Britt 1998

Pinus elliottii 106 41 2.6 Marx et al. 1989

Pinus elliottii 179 84 2.1 Marx et al. 1986

Pinus taeda 153 79 1.9 Leach and Gresham 1983

Pinus taeda 110 60 1.8 VanderSchaaf and McNabb 2004
Pinus palustris 352 227 1.6 Rodriguez-Trejo et al. 2003
Pinus caribaea 188 120 1.6 Ward and Johnson 1985

Pinus taeda 179 108 1.6 South et al. 2017

Pinus taeda 171 112 1.5 South and Donald 2002

Pinus taeda 157 156 1 South et al. 2015

Pinus clausa 60 60 1 Brendemuehl and Mizell 1978

Why are K fertilizers applied to soil before shaping seedbeds? Brendemuehl
and Mizell (1978) said that K fertilization is usually not needed prior to sowing and
sometimes applying 279 kg ha? before sowing had no effect on seedling growth
(Switzer and Nelson 1956). Davey (2002) said that it is not wise to apply all the K
before sowing; perhaps because (1) foliar levels may fall to 0.5% K by December
(Steinbeck et al. 1966; Sung et al. 1997), (2) applying too much KCl before sowing can
kill germinating seedlings (Andrews 1941), and (3) KCl easily leaches from sandy soil
(Bengston and Voigt 1962). Since rainfall leaches K, why apply KCl a month before
roots emerge?

HO: In soils with less than 30 ppm K, applying KCI (150 kg ha™) before sowing
pine has no effect on seed emergence or seedling morphology when seedlings are
sampled eight weeks after sowing.

When soil contains at least 25 ppm K, can the first application of K be made in
July? Sometimes the first K application is made four or five weeks after sowing (Davis
et al. 2011; Jackson et al. 2007; Sampson 1973). K deficiency symptoms can occur
when pine is grown in solutions (Hobbs 1944) or in sand with little or no K. When K
levels are near zero, symptoms may first appear when the stem above the cotyledons
is 2 cm long (Sucoff 1961). When grown in soil with sufficient K, no symptoms
appeared when slash pine received no K fertilizers (Figure 2). Can good quality
seedlings be produced when all the K fertilizer is applied after June?

HO: In soils with less than 30 ppm K, applying K fertilizers after July 1 (50 kg
ha in July and 50 kg ha in August) has no effect on seedling morphology, foliar
nutrition, or freeze tolerance of seedlings lifted in December.
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Figure 2. Pinus elliottii seedlings at the Page Nursery in Georgia (photo taken by Jack May August 8, 1961). Seedlings were
growing in a loamy sand (33 ppm K) without any potassium fertilizer (Steinbeck et al. 1966). Nitrogen (112 kg ha™) and
phosphorus (244 kg ha*) were mechanically incorporated into the soil two weeks before sowing (April 17, 1961) with no
fertilization after sowing. In September, seedlings sampled from this treatment were 18 cm tall and foliar nutrient levels

were; N-0.9%, P-0.13% and K-0.57%.

In some soils, seedlings can be grown without any K fertilization (Brissette et
al. 1989; Khan et al. 2013; Mexal et al. 2002; South 1975; Wall 1994). Greenhouse
studies indicated that K fertilization had little or no effect on sand pine (Pinus clausa)
and slash pine seedlings (Brendemuehl 1968; Steinbeck et al. 1966). K deficiencies can
occur when pines are grown in pure sand in greenhouses (McGee 1963) or perhaps in
nursery soils with only 4 ppm K (Leach and Gresham 1983). A single liquid application
of 28 kg ha of K may not be enough to prevent a K deficiency when applied as a top-
dressing (Leach and Gresham 1983). Applying 10-0-6 (10% N and 5% K) as a liquid
spray during the growing season might apply 180 kg N ha™ and 90 kg ha™ of K. When
soil levels before sowing are less than 30 ppm, would this rate be sufficient to prevent
a K deficiency?

HO: In soils with less than 30 ppm, applying K (0, 30, 60, 120 kg ha™) in a
liquid formulation (10-0-6) has no effect on growth or foliar content of loblolly pine
seedlings. All treatments receive a total of 240 kg N ha™.

KCl is a common fertilizer in pine nurseries since it is cheaper than sulfate of
potash (SOP). In contrast, some container nurseries prefer SOP since it is not as toxic
to conifers as KCI. Toxicity of KCl to loblolly pine was first reported in North Carolina
where 672 kg hal of KCI (applied before sowing) reduced seedling dry mass
(Rosendahl and Korstian 1945). Since then, managers learned how to apply Cl without
damaging conifers. Many managers have applied 168 kg ha* of KCl before sowing and
a few applied more than 260 kg ha? (Knight 1978; Marx et al. 1984). During
germination, is pine injured by S or CI?
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2.4 Calcium

HO: When nursery soil is < 40 ppm K, the rate of KCl and SOP (0, 200, 400, 600
kg K ha') applied a week before sowing has no effect on germination and seedling
biomass.

Langbeinite (a.k.a K-mag and sul-po-mag) originates from mines near
Carlsbad, New Mexico and contains K (18%), Mg (11%) and S (22%). When an increase
in soil pH is not desired, langbeinite is often the preferred source of Mg. It is
sometimes applied before sowing at rates of 224 kg ha™ to 560 kg ha? (Rees et al.
1990; Rodriguez-Trejo and Duryea 2003) and is also applied as a top-dressing (Davey
2002; Triebwasser and Altsuler 1995).

HO: When nursery soil contains less than 20 ppm Mg, the rate of langbeinite
(0, 200, 400, 600 kg ha) before sowing has no effect on germination and seedling
biomass.

Harvesting 10 Mg ha? of pine seedlings might remove 30 kg of Ca from the
topsoil (Table 2). Although some agronomists recommend no Ca when the topsoil in
March contains 105 ppm Ca, others apply Ca when soil values drop below 200 ppm
(Davey 1991) or 300 ppm (Kormanik et al. 1994)?

HO: When nursery soil contains 100 ppm Ca, incorporating gypsum (0, 200,
400, 800 kg ha) before sowing has no effect on the growth of pine by November.

Table 2. Estimates of nutrient removals from harvesting a crop of 1-0 loblolly pine seedlings depend on seedling size and

seedbed density (e.g. 200 seedlings m™).

Seedling

Harvested drymass N K Ca P Mg S Fe Mn Zn B Cu
dry mass
g Mg ha? % % % % % % % % % % %
1.1 08 03 0.15 0.11 0.1 0.02 0.04 0.005 0.002 0.002
Kg ha! of seedbeds
1 2 22 16 6 3 2 2 04 0.8 0.1 0.04 0.04
2 4 44 32 12 6 4 4 08 1.6 0.2 0.08 0.08
3 6 66 48 18 9 7 6 1.2 24 0.3 0.12 0.12
5 10 110 80 30 15 11 10 2.0 40 0.5 0.20 0.20
7 14 154 112 42 21 15 14 238 5.6 0.7 0.28 0.28
10 20 220 160 60 30 22 20 40 8.0 1.0 0.40 0.40
13 26 286 208 78 39 28 26 52 104 13 0.52 0.52
Boyer and South 1985 111 94 22 16 79 67 54 34 047 017 0.07
Nelson and Switzer 1985 90 58 21 10 9 - - - - - -
May 1964 200 72 42 22 18 - - - - - -
Schenck 1907 - 23 19 11 3 0 - - - - -

Due to the higher cost, calcium nitrate is rarely applied to seedbeds in the
southern United States. However, calcium nitrate and calcium ammonium nitrate are
sometimes used to increase growth of seedlings (Dumroese and Wenny 1997). In
Oregon, 2-0 seedlings fertilized with urea survived stress better than seedlings
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2.5 Magnesium

fertilized with calcium nitrate (Radwan et al. 1971). Calcium chloride can decrease
drought tolerance of pine seedlings (Christersson 1976) and in one trial calcium nitrate
did not increase freeze tolerance of pine seedlings (Montville et al. 1996). Even so,
some people still believe the myth that applying Ca will increase freeze tolerance.

HO: Applying Ca (0, 40, 80, 160 kg ha™) to pine seedlings in September has no
effect on freeze tolerance, drought tolerance, stem sinuosity or storability in
November.

Why fertilize bareroot pine seedlings with Mg when soil tests indicate more
than 25 ppm Mg? Fertilizing with Epsom salts had no positive effect on growth of
loblolly pine when soil contained 31 ppm Mg (Wall 1994). Likewise, fertilizing 1-0
seedlings had no effect on growth when they were transplanted into soil with 15 ppm
Mg (Edwards et al. 1990). Why would young loblolly pine seedlings need soil with
more than 25 ppm Mg?

HO: Applying a pre-sow application of Epsom salt (0, 30, 60, 120 kg ha™ to a
sandy soil with 25 ppm Mg) has no measurable effect on the morphology, root-
growth potential and freeze tolerance of bareroot loblolly pine seedlings.

Figure 3. Pinus taeda seedlings showing tip chlorosis in July (photo taken by Chase Weatherly, Arborgen, 2014). Foliar
nutrients were: 2.0% N, 0.24% P, 1.04% K, 0.08% Mg, 0.19% S, 0.2% Ca, 77 ppm B, 8 ppm Cu, 949 ppm Mn, and 236 ppm

Al. Symptoms of Mg deficiency include chlorosis on tips of needles.

When Mg deficiencies occur on pine seedlings, needle tips turn yellow (Hobbs
1944; Leaf 1968; Landis et al. 1989; May 1984; van Goor 1970; Will 1961b). Some pine
species exhibit Mg deficiency symptoms when foliage contains 0.08% Mg (Leaf 1968;
Sucoff 1961, 1962). At one nursery, loblolly pine seedlings growing in soil with 16 ppm
Mg exhibited deficiency symptoms (Figure 3), but no symptoms occurred at another
nursery where seedlings were growing in soil with 11 ppm Mg (South et al. 2017).
Growth in that soil was good and when sampled in February, the needles contained
0.1% Mg which is typical for bareroot loblolly pine (Boyer and South 1985). Will
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2.6 Sulfur

chlorotic tips occur when too much Ca is applied to the soil? If so, will applying too
much Ca to seedbeds induce a Mg deficiency?

HO: Adding gypsum (500, 1,000, 2,000 kg ha) to seedlings in June (< 20 ppm
soil Mg) will not induce a Mg deficiency in pine seedlings sampled in July.

Mg deficiencies can occur when too much K fertilizer is applied (Boynton and
Burrell 1944; Knight 1978; Stone 1953). When the K/Mg ratio in young loblolly pine
seedlings is less than 18, needle color is often normal but when the ratio exceeds 20, a
Mg deficiency can occur. Will applying too much K induce a Mg deficiency in pine
seedlings?

HO: Adding K (50, 100, 200 kg ha™) to seedlings in June (< 20 ppm soil Mg)
will not induce a Mg deficiency in pine seedlings sampled in July.

Epsom salts may be used as a top-dressing, but how much is too much? Will
applying five applications (over a 15-week period) reduce height growth? Thus far, the
following null hypothesis has not been rejected.

HO: Applying a top-dressing application of Epsom salt (170, 280, 390 kg ha™)
has no measurable effect on height growth of loblolly pine seedlings.

Research on sulfur requirements for pine and hardwood seedlings is scarce
(Browder et al. 2005; Salifu and Jacobs 2006, Leaf 1968) perhaps because some
fertilizers contain sulfur. Even so, sulfur deficiencies have occurred in a few bareroot
seedbeds (Lyle and Pearce 1968; South and Davey 1983). Some managers reduce the
risk of a deficiency by applying sulfur (< 80 kg ha) before sowing (Marx et al. 1984,
van den Driessche 1984). At one nursery, adding more than 62 kg S ha to the soil
before sowing did not affect seedling growth (South et al. 2017). Some managers do
not apply any sulfur to the soil when soil tests indicate more than 9 ppm S.

HO: When soil contains 7 ppm S, adding H,SO, (100, 200, 400 kg ha™) before
sowing has no effect on the growth of pines by November.

Although applying too much elemental sulfur just before sowing can cause
chlorosis to loblolly pine seedlings during a dry year (Carey et al. 2002), no chlorosis
occurs when a sufficient amount of rainfall occurs before seeds germinate (South et al.
2017). A greenhouse study could better define this sulfur-rainfall interaction.

HO: When nursery soil is treated with 800 kg S ha* (before sowing), the
amount of irrigation in a greenhouse has no effect on the growth or chlorosis of
loblolly pine seedlings.

3 Micronutrients

3.1 Boron

Applying too much B before sowing can injure pine seedlings (Figure 4).
Greenhouse trials can be useful in determining what levels are toxic to seedlings (Khan
et al. 2012).

HO: When nursery soils are tested in a greenhouse, the rate of B (0, 8, 16, 32,
64 kg ha') before sowing has no effect on germination and growth of pine seedlings.
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Figure 4. Applying too much B prior to sowing can injure Pinus taeda seedlings (photo taken by David South).

3.2 Copper

When soil Ca is high (> 600 ppm) and the pH is > 6.0, a B deficiency might
occur in sandy soils (Stone et al. 1982). Even applying 0.26 kg ha* of B before sowing
loblolly pine seed may not be enough to overcome a deficiency. In November, foliage
near deficient terminals ranged from 1.8 ppm to 4.2 ppm B (Stone et al. 1982). At
sandy nurseries, some managers apply 2.7 kg ha? of B before sowing pine seed and,
therefore, rarely do levels in the foliage fall below 6 ppm. In contrast, some suggest a
lower rate when soil levels are less than 0.4 ppm. Can a B deficiency occur when
nursery soil pH is below 5.0?

HO: When nursery soil is at 0.1 ppm, the rate of a liquid top-dressing of B (0,
0.5, 1 kg ha) in July has no effect on the foliar content of washed loblolly pine
foliage sampled in September.

Although Cu deficiencies can occur in research greenhouses (Majid 1984; van
den Burg 1983), on certain sandy nursery soils (Benzian and Warren 1956; Knight
1975) and in plantations (van Goor 1970; South et al. 2004), | have never seen a Cu
deficiency at a sandy, low organic matter nursery, even when the soil contains less
than 0.2 ppm (Klimek et al. 2008). Rarely does loblolly pine foliage in bareroot
nurseries contain less than 6 ppm. When Cu in the topsoil is less than 0.7 ppm, some
will recommend applying 3.3 kg ha? of Cu to the soil before sowing pines. When
research is rare, recommended rates will vary.

HO: When nursery soil is at 0.1 ppm, the rate of Cu (0, 1, 2, 4 kg ha™) before
sowing has no effect on the foliar content of loblolly pine foliage sampled in July.

The cost of Cu may be $20, $46 and $55 kg* when applied as a sulfate, a liquid
or as a fertilizer coating, respectively. When a fertilizer distributor adds a coating of Cu
to a granular fertilizer, this eliminates the need for an additional application. Tests
with different methods of applications will likely have an effect only on an economic
spreadsheet. It seems the major reason we apply Cu to sandy nurseries is because we
can test the soil for this element.

HO: Application method (before sowing, coated fertilizer and liquid spray in
July) has no effect on Cu content of loblolly pine foliage sampled in November.
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3.3 Iron

Fertilization with P can lower Cu levels in conifer and hardwood foliage
(Ladiges 2003; Saur et al. 1995; Teng and Timmer 1990, 1994). Will applying too much
phosphoric acid induce a Cu deficiency in pine seedlings?

HO: When the soil is at 0.4 ppm Cu or less, the rate of phosphoric acid (0, 200,
400 kg P ha' over time) has no effect on deficiency symptoms of loblolly pine
seedlings.

Chlorosis can occur when pine seedlings are grown at pH 7.5 (Backmon 1969;
Chapman 1941; Richards 1965). In the past when loblolly pine seedlings turned
chlorotic in the summer (Figure 5), nursery managers applied chelated Fe in hopes of
turning seedlings green (Davey 2002). Several nurseries now grow seedlings at lower
soil pH (South 2017) and they no longer experience summer chlorosis. As a result,
several managers no longer apply Fe to pine seedlings.

HO: When nursery soil is at less than pH 5.5, the rate of Fe (0, 1, 2, 4 kg ha™)
applied to chlorotic seedlings in July has no effect on the color of loblolly pine foliage
sampled one and two weeks after treatment.

Figure 5. It has been estimated that 400 seedlings out of every million seedlings produced in southern nurseries are
stunted due to a nutrient deficiency (Starkey et al. 2017). Most of these seedlings likely suffer from a phosphorus
deficiency (South et al. 2018) but other deficiencies include Ca, Fe, Mg and S. On slightly acidic soils, high doses of N (and
root injury from nematodes) induced chlorosis of Pinus taeda needles (Photo taken by David South on July 11, 2007).

Does Fe chlorosis affect growth of pine seedlings? It is well known that pH 7.5
soil can reduce the growth of pine seedlings (Chapman 1941; Marx 1990; Richards
1965; South 2017), but how much does Fe chlorosis affect growth of pines? Richards
(1965) reported that the growth response to applying chelated Fe depends on soil pH,
but an application of Fe did not affect growth at pH 6.7. When pine is growing in pH
6.5, is Fe chlorosis just a temporary, cosmetic effect?

HO: When nursery soil is at pH 6.5, the rate of Fe (0, 1, 2, 4 kg ha™) applied to
chlorotic seedlings in a greenhouse has no effect on the growth of pine seedlings.
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3.4 Manganese

3.5 Sodium

3.6 Zinc

High levels of Mn in nursery soils may contribute to Ca and Cu deficiencies
(South 2017; Turvey et al. 1992). Visual symptoms of Mn toxicity were not observed
when pine foliage had more than 1,000 ppm Mn (Adams and Walker 1975; Boyer and
South 1985; St.Clair and Lynch 2005). Although little is known about toxic levels of Mn
in foliage of pines, applying too much Mn-sulfate can injure some nursery seedlings
(Slaton and lyer 1974). Research conducted with nursery soils found a high level of
Mn tolerance in Douglas-fir (Pseudotsuga menziesii) (Radwan et al. 1979).

HO: Fertilizing soil with manganese sulfate (0, 200, 400, 800 kg ha™) before
sowing has no effect on the germination or foliar content of Douglas-fir foliage
sampled in July.

As soil acidity increases, available Mn can increase and when seedlings take up
too much Mn, a Ca deficiency can occur. In sandy soils, Mn availability at pH 4.5 may
not be great enough to interfere with Ca uptake (South et al. 2017). However, Mn
availability is greater in other soils and the risk of a Ca deficiency increases when the
soils become more acidic. Research could help determine which soils have a high risk
of Ca deficiency when soil pH is less than 5.

HO: Fertilizing different soil textures with manganese sulfate (0, 200, 400,
800 kg ha) has no effect on chlorosis and foliar content of loblolly pine seedlings
growing in pH 4.5 soil.

Harvesting 10 Mg ha? of seedlings might remove 4 kg Mn ha? from the
nursery (Table 2). Therefore, a topsoil with 4 ppm Mn may contain the equivalent of
two crops of seedlings. Even so, manganese sulfate is rarely applied to nursery soils
that have 5 ppm Mn. Is a threshold of 5 ppm Mn too low for bareroot pine seedlings?

HO: When soil contains 5 ppm Mn, incorporating manganese sulfate (0, 10,
20, 40 kg ha-1) before sowing has no effect on the growth of pine seedlings by
November.

Growth of young hardwood seedlings was decreased after fertilizing with
Na2S04 in a growth chamber (Thorton et al. 1988). This might also explain why
fertilizers containing Na have reduced the growth of hardwoods in bareroot seedbeds
(Villarrubia 1980).

HO: When fertilizing green ash (Fraxinus pennsylvanica) with 120 kg/ha of
Na and equal amounts of N, the type of anion (Na,SO4, NaCl, and NaNOs) has no
effect on height growth and seedling mass.

| have never seen a Zn deficiency in bareroot loblolly pine seedlings.
Therefore, when soils contain 1.4 ppm Zn, why do some experts recommend 2.2 kg ha"
1 when others see no need to add Zn? Is a threshold value of 3 ppm Zn too high for
loblolly pine?

HO: When soil contains 1 ppm Zn, incorporating zinc sulfate (0, 10, 20, 40 kg
ha™) before sowing has no effect on the growth of loblolly pine by November.
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4 Recommendations

Graduate students who choose to test the above hypotheses should be aware
of the most common statistical errors (Fowler 1990; Haase 2014) and then consult
with an experienced statistician before designing a fertilizer trial. Ask for an
experimental design with enough statistical power to detect an 8% difference in
seedbed density and a 7% first-year height increase. The statistical power of some
fertilizer trials is sometimes low (South and VanderSchaaf 2017) and, therefore,
variability might not be able to reject a null hypothesis even when a treatment caused
a 100% increase in a seedling trait (e.g. Figure 6). Likewise, the least significant
difference value (LSD) should be reported for each response variable as this allows the
reader some idea of the statistical power (South and VanderSchaaf 2017). This will be
especially informative when the null hypothesis is not rejected. If you do not already
know, ask how to use contrast tests to examine linear and quadratic effects because
these tests should be used for almost all fertilizer rate trials. In fertilizer toxicity trials
where all we need to know is if the treatment reduces growth, use a one-sided t-test
where appropriate (South and VanderSchaaf 2017).

Please describe in detail all soil parameters. Far too often, the data presented
omit important detail that affect the outcome of the results. Also, provide the cost of
fertilizers being tested. In some cases, the cost of a chelated fertilizer can cost 90
times more than a commonly used formulation. It can be a waste of time to conduct
research on fertilizers that are cost prohibitive. Also, realize that fertilizers typically
represent a small percentage of the total growing costs. Even when fertilizers cost
$1,800 ha™, the cost per seedling (@ 190 m™) is less than 0.1 cent which equates to a
small percentage (e.g. 2%) of the total cost of production. Regeneration economics
should also be considered. In some cases, spending extra money on nursery
fertilization can lower the overall cost of reforestation. For example, spending 0.01
cent per seedling for fall fertilizers in Spain lowered the cost per living seedling
(Puértolas et al. 2012).

When writing a study proposal, state the null hypotheses you wish to test. This
might avoid embarrassment when the assumed outcome (i.e. alternative hypothesis)
does not occur. Finally, when writing a thesis or dissertation, provide all the data (i.e.
individual seedling measurements) in appendices. This will allow others the
opportunity to collaborate by asking different questions and perhaps providing
additional insights (South and Duke 2010).

5 Acknowledgments

The author thanks nursery managers who shared their experiences with
fertilizing pine and hardwood seedlings. Thanks also to Chase Weatherly (Arborgen)
for providing photos and data from his nursery. Thanks also go to Tom Starkey
(Auburn University) for providing data on foliar nutrition and to J.B. Jett (North
Carolina State University), John Mexal (New Mexico State University) and Steve
Grossnickle (NurseryToForest Solutions) for providing helpful comments.

Reforesta Scientific Society 68



REFORESTA (2018) 5: 54-76 South

6 References

Adams JA, Walker TW (1975) Nutrient relationships of radiata pine in Tasman Forest, Nelson. NZ J Forest
Sci 5(1): 18-32.

Addoms RM (1937) Nutritional studies with loblolly pine. Plant Physiol 12(1): 199-205.

Andivia E, Fernandez M, Vazquez-Piqué J, Alejano R (2012) Two provenances of Quercus ilex ssp. ballota
(Desf) Samp. nursery seedlings have different response to frost tolerance and autumn
fertilization. Eur J Forest Res 131(4): 1091-1101.

Andrews LK (1941) Effects of certain soil treatments on the development of loblolly pine nursery stock. J
Forest 39(11): 918-921.

Autry LL (1972) The residual effects of nursery fertilization and seedling density levels on the growth of
12, 14, and 16 year old loblolly pine stands. Mississippi State University, State College, MS. MS
thesis 59 p.

Backmon BG (1969) Response of loblolly pine (Pinus taeda L.) seedlings to various levels and
combinations of nitrogen and phosphorus. Louisiana State University, Baton Rouge, LA. PhD
thesis 167 p.

Barber BL, Messina JS, van Buijtenen JP, Wall MM (1991) Influence of nursery fertilization, site quality,
and weed control on first-year performance of outplanted loblolly pine. In: Coleman SS, Neary
DG (eds) Proceedings of the 6™ biennial southern silvicultural research conference. Gen. Tech.
Rep. SE-70. Asheville, NC: U.S. Department of Agriculture, Forest Service. Southeastern Forest
Experiment Station: 27-37.

Barker, AV (2010) Growth of loblolly pine and white pine after enrichment by nutrient loading. Commun
Soil Sci Plan 41: 2613-2622.

Barnett JP, McGilvray JM (2002) Copper-treated containers influence root development of longleaf pine
seedlings. In: Barnett JP, Dumroese RK, Moorhead DJ (eds) Proceedings of workshops on
growing longleaf pine in containers—1999 and 2001. Gen. Tech. Rep. SRS-56. Asheville, NC:
U.S. Department of Agriculture, Forest Service, Southern Research Station. p. 24-26.

Bedell JP, Chalot M, Garnier A, Botton B (1999) Effects of nitrogen source on growth and activity of
nitrogen-assimilating enzymes in Douglas-fir seedlings. Tree Physiol 19(3): 205-210.

Bengston GW, Voigt GK (1962) A greenhouse study of relations between nutrient movement and
conversion in a sandy soil and the nutrition of slash pine seedlings. Soil Sci Soc Am J 26(6): 609-
612.

Benzian B, Brown RM, Freeman SCR (1974) Effect of late-season top-dressings of N (and K) applied to
conifer transplants in the nursery on their survival and growth on British forest sites. Forestry
47(2): 153-184.

Benzian B, Warren RG (1956) Copper deficiency in Sitka spruce seedlings. Nature 178(4538): 864-865.

Bigras FJ, Gonzalaz A, D’Aoust A, Hebert C (1996) Frost hardiness, bud phenology and growth of
containerized Picea mariana seedlings grown at three nitrogen levels and three temperature
regimes. New Forest 12(3): 243-259.

Birchler TM, Rose R, Haase DL (2001) Fall fertilization with nitrogen and potassium: effects on Douglas-
fir seedling quality and performance. Western Journal of Applied Forestry 16(2): 71-79.
Bondada BR, Syvertsen JP, Albrigo LG (2001) Urea nitrogen uptake by citrus leaves. Hort Sci 36(6): 1061-

1065.

Boyer IN, South DB (1985) Nutrient content of nursery-grown loblolly pine seedlings. Circular 282.
Auburn University, AL: Auburn University, Alabama Agricultural Experiment Station. 27 p.

Boynton D, Burrell AB (1944) Potassium-induced magnesium deficiency in the Mclntosh apple tree. Soil
Sci 58(6): 441-454.

Brendemuehl RH (1968) Research progress in the use of fertilizers to increase pine growth on the Florida
sandhills. In: Bengston GW, Brendemuehl RH, Pritchett WL, Smith WH (eds.) Forest fertilization
theory and practice. Symposium, Gainesville, FL, Tenn. Valley Authority: 191-196.

Brendemuehl RH, Mizell L (1978) Nursery practices for Choctawhatchee sand pine. Tree Planters’ Notes
29(1): 8-11

Brissette JC, Carlson WC (1987) Effect of nursery bed density and fertilization on the morphology,

Reforesta Scientific Society 69



REFORESTA (2018) 5: 54-76 South

nutrient status, and root growth potential of shortleaf pine seedlings. In: Phillips DR (ed)
Proceedings of the 4™ biennial southern silvicultural research conference. Gen. Tech. Rep. SEO-
42. Asheville, NC: U.S. Department of Agriculture, Forest Service. Southeastern Forest
Experiment Station: 198-205.

Brissette JC, Tiarks AE, Carlson WC (1989) Comparing the effects of equal versus increasing application
rates of nitrogen on the quality of shortleaf pine seedlings. In: Miller JH (ed) Proceedings of the
5t biennial southern silvicultural research conference. Gen. Tech. Rep. SO-74. New Orleans, LA:
U.S. Department of Agriculture, Forest Service. Southern Forest Experiment Station: 95-100.

Brix H, van den Driessche R (1974) Mineral nutrition of container-grown tree seedlings. In: Tinus RW,
Stein WI, Balmer WE (eds) Proceedings, North American containerized forest tree seedling
symposium. Great Plains Agricultural Council Pub. 68. Denver, Co: Great Plains Agricultural
Council: 77-84.

Browder JF, Niemiera AX, Harris JR, Wright RD (2005) Growth response of container-grown pin oak and
japanese maple seedlings to sulfur fertilization. Hortscience 40(5): 1524-1528.

Bryan MB (1954) Some effects of winter applications of inorganic fertilizers to pine seedlings in the
nursery. North Carolina State University, Raleigh, NC. MS thesis 70 p.

Carey WA, South DB, Albrecht-Schmit TE (2002) Gypsum crystals on roots of nursery-grown pine
seedlings. Commun Soil Sci Plan 33(7&8): 1131-1137.

Chapman AG (1941) Tolerance of shortleaf pine seedlings for some variations in soluble calcium and H-
ion concentration. Plant Physiol 16(2): 313-326.

Christersson L (1972) The influence of urea and other nitrogen sources on growth rate of Scots pine
seedlings. Physiol Plantarum 27(1): 83-88.

Christersson L (1976) The effect of inorganic nutrients on water economy and hardiness of conifers.
Studia Forestalia, Suecica 136: 1-23.

Coker A, Court D, Silvester WD (1987) Evaluation of foliar urea applications in the presence and absence
of surfactant on nitrogen requirements of conditioned Pinus radiata seedlings. NZ J Forest Sci
17(1): 51-66.

Davey CB (1988) Nursery soil management. In: Hagwood R (ed) Proceedings, Southern Forest Nursery
Association — 1988. Columbia, SC: Southern Forest Nursery Association. 80-85.

Davey CB (1991) Soils aspects of nursery management. In: van Buijtenen JP, Simms T (eds) Proceedings,
nursery management workshop. Publication 148. College Station, TX: Texas Forest Service: 1-
23.

Davey CB (2002) Using soil test results to determine fertilizer recommendations. In: Dumroese RK, Riley
LE, Landis TD (eds) National Proceedings. Forest and Conservation Nursery Associations; Gen.
Tech. Proc. RMRS-P-24. Fort Collins, CO: U.S. Department of Agriculture, Forest Service. Rocky
Mountain Research Station: 22-26.

Davis AS (2003) Performance of northern red oak under adverse conditions. Purdue University, West
Lafayette, IN. PhD thesis 112 p.

Davis AS, Ross-Davis AL, Dumroese KR (2011) Nursery culture impacts cold hardiness in longleaf pine
(Pinus palustris) seedlings. Restor Ecol 19(6): 717-719.

Del Campo AD, Hermoso J, Ceacero CJ, Navarro-Cerrillo RM (2011) Nursery location and potassium
enrichment in Aleppo pine stock 1. Effect on nursery culture, growth, allometry and seedling
quality. Forestry 84(3): 221-234.

Dierauf TA (1982) Two tests of potassium fertilizations to induce earlier dormancy of loblolly pine
seedlings. Virginia Division of Forestry. Occasional report 59. 7 p.

Donald DGM (1991) Nursery fertilization of conifer planting stock. In: van den Driessche R (ed) Mineral
Nutrition of Conifer Seedlings. CRC Press. 135-167.

Eberhardt PJ, Pritchett WL (1971) Foliar applications of nitrogen to slash pine seedlings. Plant Soil 34(1):
731-739.

Edwards NT, Taylor GE, Adams MB, Simmons GL, Kelly JM (1990) Ozone, acidic rain and soil magnesium
effects on growth and foliar pigments of Pinus taeda L. Tree Physio 6(1): 95-104.

Everett KT, Hawkins BJ, Mitchell AK (2010). Douglas-fir seedling response to a range of
ammonium:nitrate ratios in aeroponic culture. Journal of Plant Nutrition 33(11): 1638-1657.

Reforesta Scientific Society 70



REFORESTA (2018) 5: 54-76 South

Faustino LI, Moretti AP, Graciano C (2015) Fertilization with urea, ammonium and nitrate produce
different effects on growth, hydraulic traits and drought tolerance in Pinus taeda seedlings.
Tree Physiol 35(10): 1062-1074.

Fisher RF, Pritchett WL (1982) Slash pine growth response to different nitrogen fertilizers. Soil Sci Soc
Am 46(1): 133-136.

Fowler N (1990) The 10 most common statistical errors. Bulletin of the Ecological Society of America
71(3): 161-164.

Gagnon J, DeBlois J (2014) Effects of foliar urea fertilization on nitrogen status of containerized 2+0 black
spruce seedlings produced in forest nurseries. Tree Planters’ Notes 57(2): 53-61.

Gagnon J, DeBlois J (2017) Effects of foliar urea fertilization on nitrogen concentrations of containerized
2+0 jack pine seedlings produced in forest nurseries. Tree Planters’ Notes 60(1): 44-50.

Greene TA, Britt JR (1998) Effect of density and spacing on seedling uniformity in a loblolly pine nursery.
In: Waldrop TA (ed.) Proceedings of the 9*" biennial southern silvicultural research conference.
Gen. Tech. Prep. SRS-20. New Orleans, LA: U.S. Department of Agriculture, Forest Service.
Southern Research Station: 9-11.

Grossnickle SC (2012) Why seedlings survive: influence of plant attributes. New Forest 43(5-6): 711-738.

Haase DL (2014) Beyond cowboy science: simple methods for conducting credible and valid research.
Tree Planters’ Notes 32(2): 32-43.

Haase DL, Davis AS (2017) Developing and supporting quality nursery facilities and staff are necessary to
meet global forest and landscape restoration needs. Reforesta (4): 69-93.

Henig-Sever N, Eshel A, Ne'eman G (2000) Regulation of the germination of Aleppo pine (Pinus
halepensis) by nitrate, ammonium, and gibberellin, and its role in post-fire forest
regeneration. Physiol Plantarum 108(4): 390-397.

Hinesley LE, Maki TE (1980) Fall fertilization helps longleaf pine nursery stock. South J Appl Forest 4(3):
132-135.

Hobbs CH (1944) Studies in mineral deficiency in pine. Plant Physiol 19:590-602.

Huang JW, Kahlman EG (1991) Formulation of a soil amendment to control damping-off of slash pine
seedlings. Phytopathology 81(2): 163-170.

Irwin KM, Duryea ML, Stone EL (1998) Fall-applied nitrogen improves performance of 1-0 slash pine
nursery seedlings after outplanting. South J Appl Forest 22(2): 111-116.

Islam MA, Apostol KG, Jacobs DF, Dumroese RK (2009) Fall fertilization of Pinus resinosa seedlings:
nutrient uptake, cold hardiness, and morphological development. Ann Forest Sci 66(7): 1-9.

lyer JG, Dobrahner J, Lowery B, VandeHay J. 2002. Slow release fertilizer in bareroot nurseries. In:
Dumroese RK, Riley LE, Landis TD (eds) Proceedings: Forest and Conservation Nursery
Associations—1999, 2000, and 2001. Proc. RMRS-P-24. Ogdon, UT: U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station. 112-119.

Jackson DP, Barnett JP, Dumroese RK, Patterson WB (2007) Container longleaf pine seedling morphology
in response to varying rates of nitrogen fertilization in the nursery and subsequent growth after
outplanting. In: Riley LE, Dumroese RK, Landis TD (eds) Proceedings: Forest and Conservation
Nursery Associations—2006. Proc. RMRS-P-50. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station. 114-119.

Jackson DP, Dumroese R, Barnett JP (2012) Nursery response of container Pinus palustris seedlings to
nitrogen supply and subsequent effects on outplanting performance. Forest Ecol Manag
265(1): 1-12.

Jacobs DF, Salifu KF, Seifert JR (2005) Growth and nutritional response of hardwood seedlings to
controlled-release fertilization at outplanting. Forest Ecol Manag 214(1-3): 28-39.

Kais AG, Hare RC, Barnett JP (1984) Nitric acid and benomyl stimulate rapid height growth of longleaf
pine. Research Note. SO-307. New Orleans, LA: U.S. Department of Agriculture, Forest Service.
Southern Research Station: 4.

Khan RU, Anderson CWN, Loganathan P, Xue J, Clinton P (2012) Response of Pinus radiata D. Don to
boron fertilization in a glasshouse study. Commun Soil Sci Plan 43(10): 1412-1426.

Khan SA, Mulvaney RL, Ellsworth TR (2013) The potassium paradox: implications for soil fertility, crop
production and human health. Renew Agr Food Syst 29(1): 3-27.

Reforesta Scientific Society 71



REFORESTA (2018) 5: 54-76 South

Kim T, Mills HA, Wetzstein HY (2002) Studies on effects of nitrogen form on growth, development, and
nutrient uptake in pecan. Journal of Plant Nutrition 25(3): 497-508.

Klimek A, Rolbiecki S, Rolbiecki R, Hilszczafiska D, Malczyk P (2008) Impact of chosen bare root nursery
practices in Scots pine seedling quality and soil mites (Acari). Polish Journal of Environmental
Studies 17(2): 247-255.

Knight H (1963) The effect of nitrogen fertilization on height growth of Douglas fir on a poor site. Forest
Chron 39(4): 403-411.

Knight PJ (1975) Copper deficiency in Pinus radiata in a peat soil nursery. NZ J Forest Sci 5(2): 209-218.

Knight PJ (1978) Fertiliser practice in New Zealand forest nurseries. NZ J Forest Sci 8(1): 27-53.

Kormanik PP, Sung SJS, Kormanik TL (1994) Irrigating and fertilizing to grow better nursery seedlings. In:
Landis TD (ed). National Proceedings: Northeastern and Intermountain Forest and Conservation
Nursery Associations-1993. Ogden, UT: USDA Forest Service, Rocky Mountain Research Station.
Proceedings RMRS-P-28: 115-121.

Ladiges S (2003) Cu and Zn relations in fertilised eucalypt plantations. University of Tasmania, Hobart,
Australia. PhD thesis 206 p.

Landis TD, Tinus RW, McDonald SE, Barnett JP (1989) Seedling Nutrition and irrigation. Vol. 4. The
container tree nursery manual. Agric. Handbook 674.

Larsen HS, South DB, Boyer JN (1988) Foliar nitrogen content at lifting correlates with early growth of
loblolly pine seedlings from 20 nurseries. South J Appl Forest 12(3): 181-185.

Leach GN, Gresham HH (1983) Early field performance of loblolly pine seedlings with Pisolithus tinctorius
ectomycorrhizae on two lower Coastal Plain sites. South J Appl Forest 7(3): 149-153.

Leaf AL (1968) K, Mg, and S deficiencies in forest trees. In: Bengston GW, Brendemuehl RH, Pritchett WL,
Smith WH (eds) Forest fertilization theory and practice. Symposium, Gainesville, FL, Tenn.
Valley Authority: 88-122.

Lyle ES (1972) Diagnosing mineral deficiency by foliar fertilization. Tree Planters’ Notes 23(1): 23-24.

Lyle ES, Pearce ND (1968) Sulfur deficiency in nursery seedlings may be caused by concentrated
fertilizers. Tree Planters’ Notes 19(1): 9-10.

Majid NM (1984) Some aspects of boron, copper and iron nutrition of lodgepole pine and Douglas-fir.
University of British Columbia, Vancouver, BC. PhD thesis. 172 p.

Marx DH (1990) Soil pH and nitrogen influence Pisolithus ectomycorrhizal development and growth of
loblolly pine seedlings. Forest Sci 36(2): 224-245.

Marx DH, Barnett JP (1974) Mycorrhizae and containerized forest tree seedlings. In: Tinus RW, Stein WI,
Balmer WE (eds) Proceedings, North American Containerized forest tree seedling symposium.
Great Plains Agricultural Council. Publication 68: 85-92.

Marx DH, Cordell CE, France RC (1986) Effects of triadimefon on growth and ectomycorrhizal
development of loblolly and slash pines in nurseries. Phytopathology 76(8): 824-831.

Marx DH, Cordell CE, Kenney DS, Mexal JG, Artman JD, Riffle JW, Molina RJ (1984) Commercial
vegetative inoculum of Pisolithus tinctorius and inoculation techniques for development of
ectomycorhizae on bare-root tree seedlings. Forest Sci 30(3): Monograph 25.

Marx DH, Cordell CE, Maul SB, Ruehle JL (1989) Ectomycorrhizal development on pine by Pisolithus
tinctorius in bare-root and container seedling nurseries. New Forest 3(1): 57-66.

May JT (1964) The forest nursery and its soils. In: Region 8 Forest Nurserymen’s Conference. Atlanta,
GA: USDA. Forest Service Southern Region. 3-9. https://rngr.net/publications/

May JT (1984) Nutrients and fertilization. In: Lantz CW (ed) Southern pine nursery handbook. Asheville,
NC: USDA. Forest Service Southern Region: 12-01-12-41. Chapter 12.

McGee CE (1963) A nutritional study of slash pine seedlings grown in sand culture. Forest Sci 9(4): 461-
469.

McNabb K, Heser B (1997) The potential use of slow release fertilizers for forest tree nursery production
in the Southeast US. In: Haase DL, Rose R (eds) Forest seedling nutrition from the nursery to the
field. Symposium Proceedings. NTC, Oregon State University. 50-57.

Mexal JG, Phillips R, Neumann R (1995) Mexican conifers’ response to fertilizer type indicates difference
between value and cost. Tree Planters’ Notes 46(4): 126-129.

Mexal JG, Rangel RC, Negreros-Castillo P, Lezama CP (2002) Nursery production practices affect survival

Reforesta Scientific Society 72



REFORESTA (2018) 5: 54-76 South

and growth of tropical hardwoods in Quintana Roo, Mexico. Forest Ecol Manag 168(1-3): 125-
133.

Montville ME, Wenny DL (1990) Application of foliar fertilizer during bud initiation treatments to
container-grown conifer seedlings. In: Rose R, Campbell SJ, Landis TD (eds) Proceedings,
combined meeting of the western forest nursery associations. Gen. Tech. Rep. RM-GTR-200.
Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Forest and
Range Experiment Station: 233-239.

Montville ME, Wenny DL, Dumroese RK (1996) Foliar fertilization during bud initiation improves
container-grown ponderosa pine seedling viability. West J Appl Forest 11(4): 114-119.

Murison WF (1960) Macronutrient deficiency and its effects on coniferous growth. University of British
Columbia, Vancouver, BC. PhD thesis 235 p.

Nelson LE, Switzer GL (1985) Trends in the maintenance of soil fertility in Mississippi nurseries. In: South
DB (ed) Proceedings of the international symposium on nursery management practices for the
southern pines. Alabama Agricultural Experiment Station, Auburn University, AL: 222-236.

Ogbonnaya Cl; Kinako PD (1993) Growth and mineral nutrition of Gmelina arborea Roxb. seedlings
fertilized with four sources of nitrogen on a latosolic soil. Tree Physiol 12(3): 291-299.

Oliet J, Planelles R, Segura ML, Artero F, Jacobs DF (2004) Mineral nutrition and growth of containerized
Pinus halepensis seedlings under controlled-release fertilizer. Scientia Horticulturae 103(1):
113-129.

Oliet J, Puértolles R, Planelles R, Jacobs DF (2013) Nutrient loading of forest tree seedlings to promote
stress resistance and field performance: a Mediterranean perspective. New Forest 44(5): 649-
669.

Pharis RP, Barnes RL, Naylor AW (1964) Effects of nitrogen level, calcium level and nitrogen source upon
the growth and composition of Pinus taeda L. Physiol Plantarum 17(3): 560-572.

Puértolas J, Jacobs DF, Benito LF, Pefiuelas JL (2012) Cost—benefit analysis of different container
capacities and fertilization regimes in Pinus stock-type production for forest restoration in dry
Mediterranean areas. Ecol Eng 44: 210-215.

Radwan MA, Crouch GL, Ward HS (1971) Nursery fertilization of Douglas-fir seedlings with different
forms of nitrogen. Res. Pap. PNW-113. Portland, OR: U.S. Department of Agriculture, Forest
Service. Pacific Northwest Forest and Range Experiment Station: 10 p.

Radwan MA, DeBell DS (1980) Effect of different sources of nitrogen on growth and nutrition of Western
hemlock. Res. Pap. PNW-267. Portland, OR: U.S. Department of Agriculture, Forest Service.
Pacific Northwest Forest and Range Experiment Station: 15 p.

Radwan MA, Debell DS, Webster SR, Gessel SP (1984) Different nitrogen sources for fertilizing western
hemlock in western Washington. Can J Forest Res 14(2): 155-162.

Radwan MA, Shumway JS, DeBell DS (1979) Effect of manganese and manganese-nitrogen applications
on growth and nutrition of Douglas-fir seedlings. Res. Pap. PNW-265. Portland, OR: U.S.
Department of Agriculture, Forest Service. Pacific Northwest Forest and Range Experiment
Station: 12 p.

Richards BN (1965) Mycorrhiza development of loblolly pine seedlings in relation to soil reaction and the
supply of nitrate. Plant and Soil 22(2): 187-199.

Rikala R, Relpo T (1997) The effect of late summer fertilization on the frost hardening of second-year
Scots pine seedlings. New Forests 14(1): 33-44.

Rodriguez-Trejo DA, Duryea ML (2003) Seedling quality indicators in Pinus palustris Mill. Agrociencia
37(3): 299-307.

Rosendahl R, Korstian CF (1945) Effect of fertilizers on loblolly pine in a North Carolina nursery. Plant
Physiol 20(1): 19-23.

Rowan SJ (1971) Soil fertilization, fumigation, and temperature affect severity of black root rot of slash
pine. Phytopathology 61(1): 164-167.

Rowan SJ (1987) Effects of potassium fertilization in the nursery on survival and growth of pine seedlings
in the plantation. Georgia Forest Research Paper 68. Georgia Forestry Commission, Macon, GA:
9p.

Reforesta Scientific Society 73



REFORESTA (2018) 5: 54-76 South

Salifu KF, Jacobs DF (2006) Characterizing fertility targets and multi-element interactions in nursery
culture of Quercus rubra seedlings. Ann Forest Sci 63(3): 231-237.

Salifu KF, Nicodemus MA, Jacobs DF, Davis AS (2006) Evaluating chemical indices of growth media for
nursery production of Quercus rubra seedlings. HortScience 41(5): 1342-1346.

Sampson OR (1973) Nursery practices used for sand pine. Gen. Tech. Prep. SE-2. Asheville, NC: U.S.
Department of Agriculture, Forest Service. Southeastern Forest Experiment Station: 67-72.

Sander DH (1966) Effect of urea and urea-formaldehyde on the growth of lodgepole pine seedlings in a
nursery. Tree Planters’ Notes 79: 18-23.

Saur E, Brechet C, Lambrot C, Masson P (1995) Micronutrient composition of xylem sap and needles as a
result of P-fertilization in maritime pine. Trees 19: 52-54.

Schenck CA (1907) Biltmore lectures on silviculture. Albany, NY: Brandow Printing. 184 p.

Singh A, Husain M, Geelani SN, Ali SR, Parrey AA, Tarig M (2017) Effect of spacing, nitrogen fertilizer
(with and without organic manure) and seed bed density on the growth of Allepo pine seedling
in nursery in Kashmir Valley. International Journal of Chemical Studies 5(5): 627-634.

Slaton SH, lyer JG (1974) Manganese compounds harmful to planting stock under some soil conditions.
Tree Planters’ Notes 25(2): 19-21.

South DB (1975) The determination of nursery practices for the production of quality sweetgum
(Liquidambar styraciflua L) and sycamore (Platanus occidentalis L.) planting stock. North
Carolina State University, Raleigh, NC. MS thesis 91 p.

South DB (2017) Optimum pH for growing pine seedlings. Tree Planters’ Notes 60(2): 49-62.

South DB, Carey WA, Johnson DA (2004) Copper deficiency in pine plantations in the Georgia coastal
plain. In: Connor KF (ed) Proceedings of the 12 biennial southern silvicultural research
conference. Gen. Tech. Prep. SRS-71. New Orleans, LA: U.S. Department of Agriculture, Forest
Service. Southern Research Station: 387-390.

South DB, Donald DGM (2002) Effect of nursery conditioning treatments and fall fertilization on survival
and early growth of Pinus taeda seedlings in Alabama, U.S.A. Can J Forest Res 32(7): 1171-
1179.

South DB, Donald DGM, Rakestraw JL (1993) Effect of nursery culture and bud status on freeze injury to
Pinus taeda and P elliottii seedlings. South African Forestry Journal 166: 37-45.

South DB, Duke CS (2010) Will a data registry increase professional integrity? J Forest 108(7): 370-371.

South DB, Funk J, Davis CM (2018) Spring fumigation using totally impermeable film may cause
ectomycorrhizal deficiencies at sandy loblolly pine nurseries. Tree Planters’ Notes 61(1): 45-56.

South DB, Lyons A, Pohl R (2015) Transplant size affects early growth of a Pinus taeda clone.
Mathematical and Computational Forestry & Natural-Resource Sciences 7(2): 39-48.

South DB, Mitchell RJ (1999) Determining the" optimum" slash pine seedling size for use with four levels
of vegetation management on a flatwoods site in Georgia, USA. Can J Forest Res 29(7): 1039-
1046.

South DB, Nadel RL, Enebak SA, Bickerstaff G (2017) Sulfur and lime affect soil pH and nutrients in a
sandy Pinus taeda nursery. Reforesta 4: 12-20.

South DB, Starkey TE, Enebak SA (2016) Forest nursery practices in the southern United States.
Reforesta 1: 106-146.

South DB, VanderSchaaf CL (2017) Should forest regeneration studies have more replications? Reforesta
3:19-30.

Starkey T, Enebak S (2012) Foliar nutrient survey of loblolly and longleaf pine seedlings. Auburn
University Southern Forest Nursery Management Cooperative. Research Report 12-02. 11 p.

Starkey TE, Enebak SA, South DB (2015) Forest seedling nursery practices in the southern United States:
bareroot nurseries. Tree Planters’ Notes 58(1): 4-17.

St.Clair SB, Lynch JP (2005) Element accumulation patterns of deciduous and evergreen tree seedlings
on acid soils: implications for sensitivity to manganese toxicity. Tree Physiol 25(1): 85-92.

Steinbeck K, May JT, McCreery RA (1966) Growth and needle color abnormalities of slash pine seedlings
caused by nutrient treatments. Georgia Forest Research Paper 38. Georgia Forest Research
Council, Macon, GA: 9 p.

Reforesta Scientific Society 74



REFORESTA (2018) 5: 54-76 South

Stone EL (1953) Magnesium deficiency of some northeastern pines. Soil Science Society of America
17(3): 297-300.

Sucoff El (1961) Potassium, magnesium, and calcium deficiency symptoms of loblolly and Virginia pine
seedlings. Station Paper 161. Upper Darby, PA: U.S. Department of Agriculture, Forest Service.
Northeastern Forest Research Station: 18 p.

Sucoff El (1962) Potassium, magnesium, and calcium deficiency symptoms of Virginia pine seedlings.
Station Paper 169. Upper Darby, PA: U.S. Department of Agriculture, Forest Service.
Northeastern Forest Research Station: 16 p.

Sung SS, Black CC, Kormanik TL, Zarnoch SJ, Kormanik PP, Counce PA (1997) Fall nitrogen fertilization
and the biology of Pinus taeda seedling development. Can J Forest Res 27(9): 1406-1412.

Sweetland TW (1978) Ecological aspects of soil management and practices at a forest tree nursery
located on the Coastal Plain, Virginia. Virginia State College. Petersburg, VA. MS thesis. 73 p.

Switzer GL, Nelson LE (1956) The effect of fertilization on seedling weight and utilization of N, P, and K
by loblolly pine (Pinus taeda L.) grown in the nursery. Soil Sci Soc Am J 20(3): 404-408.

Taulavuori K, Taulavuori E, Sheppard LJ (2014) Truths or myths, fact or fiction, setting the record straight
concerning nitrogen effects on levels of frost hardiness. Environ Exp Bot 106: 132-137.

Teng Y, Timmer VR (1990) Phosphorus-induced micronutrient disorders in hybrid poplar I. preliminary
diagnosis. Plant Soil 126(1): 19-29.

Teng Y, Timmer VR (1994) Nitrogen and phosphorus interactions in an intensively managed nursery soil-
plant system. Soil Sci Soc Am J 58(1): 232-238.

Thorton FC, Schaedle M, Raynal DJ (1988) Sensitivity of red oak (Quercus rubra L.) and American beech
(Fagus grandifolia Ehrh.) seedlings to sodium salts in solution culture. Tree Physiol 4(2): 167-
172.

Tinus RW (1984) Salt tolerance of 10 deciduous shrub and tree species. In: Murphy, P.M. tech. cord.
National Proceedings. Intermountain Nurseryman’s Association — 1983. Gen. Tech. Rep. INT-
168. Ogden, UT: USDA Forest Service, Intermountain Forest and Range Experiment Station. 84-
88.

Tinus RW, McDonald SE (1979) How to grow tree seedlings in containers in greenhouses. Gen. Tech.
Rep. RM-60. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain
Forest and Range Experiment Station. 256 p.

Toca A, Oliet JA, Villar-Salvador P, Maroto J, Jacobs DF (2017) Species ecology determines the role of
nitrogen in the frost tolerance of pine seedlings. Tree Physiol 38(1): 96-108.

Triebwasser ME, Altsuler SL (1995) Fertilization practices and application procedures at Weyerhaeuser.
In: Landis TD, Cregg B (tech. cords.) National Proceedings. Forest and Conservation Nursery
Associations — 1995. Gen. Tech. Prep. PNW-365. Portland, OR: U.S. Department of Agriculture,
Forest Service. Pacific Northwest Research Station: 84-88.

Turvey ND, Carlyle C, Downes GM (1992) Effects of micronutrients on the growth form of two families of
Pinus radiata (D.Don) seedlings. Plant Soil 139(1): 59-65.

Van den Burg, J (1983) Copper uptake by some forest tree species from an acid sandy soil. Plant Soil
75(2): 213-219.

Van den Driessche R (1978) Response of Douglas fir seedlings to nitrate and ammonium nitrogen
sources at different levels of pH and iron supply. Plant Soil 49(3). 607-623.

Van den Driessche R (1984) Soil fertility in forest nurseries. In: Duryea ML, Landis TD (eds) Forest nursery
manual: production of bareroot seedlings. Martinus Nijhoff/Dr. W. Junk Publishers, The Hague,
The Netherlands 63-74.

VanderSchaaf C, McNabb K (2004) Winter nitrogen fertilization of loblolly pine seedlings. Plant
Soil 265(1-2): 295-299.

Van Goor CP (1970) Fertilization of conifer plantations. Irish Forestry 27(2): 68-80.

Villarrubia JM (1980) Effect of nitrogen rate and sources on growth and performance of Liquidambar
styraciflua (sweetgum) and Fraxinus pennsylvanica (green ash) in a Virginia nursery. North
Carolina State University, Raleigh, NC. PhD thesis 91 p.

Villar-Salvador P, Pefiuelas JL, Nicolas-Peragdn JL, Benito LF, Dominguez-Lerena S (2013) Is nitrogen
fertilization in the nursery a suitable tool for enhancing the performance of Mediterranean oak

Reforesta Scientific Society 75



REFORESTA (2018) 5: 54-76 South

plantations? New Forest 44(5): 733-751.

Wall MM (1994) Influence of fertilization on nutrient status of bare-root Pinus taeda L. seedlings. Texas
A&M University, College Station, TX. MS thesis 98 p.

Ward D, Johnston TN (1985) Determination of optimum seedling bed density for bare-root Honduras
Caribbean pine. In: South DB (ed.) Proceedings of the international symposium on nursery
management practices for the southern pines. Alabama Agricultural Experiment Station,
Auburn University, AL: 118-156.

Weetman GF, Fournier RM (1984) Ten-year growth results of nitrogen source and interprovincial
experiments on jack pine. Can J Forest Res 14(3): 424-430.

Will GM (1961a) Magnesium deficiency in pine seedlings growing in pumice soil nurseries, New Zeal J
Agr Res 4(1-2): 151-160.

Will GM (1961b) The Mineral Requirements of radiata pine seedlings. New Zeal J Agr Res 4(3-4): 309-
327.

Winston DA (1974) Urea fertilizer toxic to young jack pine seedlings. Tree Planters’ Notes 25(2): 5-6.

Reforesta Scientific Society 76



