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2003, 85% of broadleaf evergreen,
58% of coniferous evergreen, and
45% ofdeciduous shade tree commer­
cial production was in containers
(U.S. Department of Agriculture,
2004). Container production has sev­
eral advantages over traditional in­
ground (field) production (Gilman
and Beeson, 1996; Harris and Gil­
man, 1991), and the packaged look of
the finished potted plant appeals to
consumers. Plants grown in contain­
ers are easier to handle and transport
and are less prone to injury compared
with balled and burlapped root balls.
Growing plants in containers expands
the window of marketability of the
finished products, particularly in cool
climates. Field-grown plants can only
be harvested and marketed in a narrow­
time frame, whereas container-grown
plants can be shipped anytime in the
growing season. Container produc­
tion also requires no digging, thus
reducing labor and equipment costs
for removing plants from the ground
(Whitcomb, 1984).

The greatest advantage of con­
tainer production over field produc­
tion may be seen in establishment
success after transplanting, or in trans­
plant quality (Gilman, 2001; Nillson
and Orlander, 1995). Water stress
after transplanting is probably the
most limiting factor for plant growth
and the major factor responsible for
transplanting failure (Ferrini et al.,
2000). This is especially true of
container-grown plants. Gillman and
Beeson (1996) state that, when reg­
ularly irrigated, trees from a variety
of production systems performed
equally well. Mathers et al. (2005)
described in a 2-year study compar­
ing container-grown tree liners of
Autumn Blaze™ red maple (Acer
xfreemanii ··'Jeffersred'), 'Prairifire'
crabapple (Malus sp.), eastern redbud

More than 50% of the $26
billion wholesale produc­
tion ofwoody nursery crops

in the United States is produced
in containers (Hall et al., 2005). In
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(Cercis canadensis), and red oak
(Quercus rubra) to similar height
and caliper bareroot liners. They found
container-grown materials had higher
survival rates, caliper, and height
growth and shortened production time
compared with the bareroot stock.

The root system of container­
grown plants is packaged, and trans­
plant stress is minimized compared
with field-grown stock. During dig­
ging and handling of bareroot and
balled arid burlapped (B&B) stock,
many fine roots, accounting for up to
30% of a plant's root area, are left in
the soil, lost, or damaged (Thomas,
2000). These fine roots are generally
feeder roots responsible for water and
nutrient uptake. When these roots
are damaged or lost, the plant is put
under considerable stress and in some
cases declines after transplanting
(Harris and Gilman, 1991, 1993).
In container production, however,
plants are produced, handled, and
transplanted with intact root systems,
thus increasing the potential for trans­
planting success.

If the primary advantage of con­
tainer vs. field production is based on
an intact and functional root system
in container-grown plants, then it is
important to understand the factors
that influence root growth in contain­
ers to achieve optimal benefits from
container production. This review
addresses several abiotic factors influ­
encing root growth in containers:
physical and chemical properties of
substrates, pot characteristics, and
temperature. We will briefly discuss
current knowledge in these areas and
summarize potential areas of new
research important for optimizing
root growth in container production
ofwoody nursery crops.

Growing substrates
General selection criteria for an

appropriate nursery substrate should
include the following characteristics:
salt free, high cation-exchange capac­
ity (CEC), suitable physical and chem­
ical properties, supportive, pest free,
inexpensive, available, uniform, and
light weight. Some common sub­
strate components used in the nursery
industry today are pine bark, hard­
wood bark, sand, soil, industrial clays
and aggregates, composted yard,
garbage and animal wastes such as
biosolids/sludge, rice hulls, peanut
hulls, mushroom compost, peatmoss,
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coir (a by-product of mat, brush,
mattress, floor tile, and rope manu­
facturing from coconut mesocarp
fibers), sawdust, bagasse (a by-product
ofthe sugar industry), perlite, vermic­
ulite, crumb rubber (derived from
scrap tires), and cotton gin trash.
The composition of substrates varies
in different parts ofthe United States.
Pine bark/sand (8:1) substrates are
the industry standard in the south­
eastern United States for container­
grown ornamental plants. In Ohio, a
common mix is 60% bark (one-third
green bark, one-third semicomposted,
one-third composted), 20% rice hulls,
10% composted sewage sludge (Com­
til; Kurtz Bros., Inc., Groveport,
Ohio), and 10% sand or haydite
(expanded and vitrified selected shale
produced in rotary kilns at temper­
atures in excess of2000 OF).

Physical properties
Physical properties of substrates

known to affect roots include Ea, Pv,
total porosity (E), percentage of fine
(<0.S mm) particles, and bulk density
(Db)' These properties interact to
influence the growth, function, and
morphology ofroot systems growing
in containers. Component selection
for substrates is often more a function
ofcost and availability than ofphysical
properties (Jones and Or, 1998; Raviv
et al., 2004). Understanding how
substrate physical properties influen­
ces root growth is important to devel­
oping the cultural practices (e.g.,
container type, irrigation strategy)
that may be required to overcome
inherent limitations of substrates
selected for use in container produc­
tion. Summaries ofthe physical prop­
erties of container substrates are
given by Beardsell et al. (1979) and
Handreck (1983). Simple laboratory
methods can be used to determine
substrate physical properties (Altland,
2006).

POROSITY AND WATER HOLDING

CAPACITY. Ea is the amount of air
space in a substrate after free water
has drained out [Ea = (aeration pore
volume/container volume) x 100%]
(Fonteno, 1987). Pv is the amount
ofwater in a substrate after free water
has drained out [Pv = (volume of
water after free drainage/total volume
of water at saturation) x 100%]. E is
the total space that can be filled with
either water or air in the substrate.

The importance of adequate Ea
in container production cannot be
overemphasized. Pv is important
but is secondary in its effects OIYfoot
growth. Because roots require ade­
quate oxygen to, grow and function
properly, a poorly aerated substrate
will restrict root growth and plant
development (Pokorny, 1987). Too
little Ea results in plants that grow
slowly and that are predisposed
to other environmental stresses, such
as winter injury, pests, and diseases.
Container-grown roots are thought
to respire more than roots grown in
mineral soil because of faster plant
growth rates and therefore require
more oxygen for growth (Argo,
1998a). Too much Ea is not bad but
results in an increase in irrigation
frequency to maintain adequate mois­
ture for plant growth.

There are no universally accepted
standards for substrate physical prop­
erties (Bilderback et al., 200S). For
container-grown woody plants, some
suggest ranges of 20% to 30%, >SO%,
and 20% to 2S%, respectively, for Ea,
E, and Pv (Fonteno, 1987; Mathers
and Leidenfrost, 1995). Yeager et al.
(1997) suggest ranges oflO% to 30%,
SO% to 8S%, and 2S% to 3S%, respec­
tively, for Ea, E, and Pv. Some con­
flicting values have been reported,
especially for Ea. Jarvis et al. (1996)
reported that an Ea range of 10% to
20% is sufficient for most plants, while
others indicate that Ea values of lS%
result in poor drainage. Most sources
agree that Ea values above 30% are
considered too high (Bilderback,
1982; Handreck and Black, 1984).
Ownley et al. (1990) found that
severity ofroot rot incited by Phytoph­
thora cinnamomi was negatively cor­
related with medium E and Ea
and positively correlated with Db
and Pv. They also indicated Ea must
be >20% to reduce host susceptibility
to P. cinnamomi, by promoting root
growth and maintaining root cell
membrane integrity.

Several factors can influence Ea
and Pv ofsubstrates used in container
production, including substrate­
specific factors such as particle size
distribution, composition, Db, and
time (or aging). It is important to
test the Ea and Pv of substrates used
in production of container-grown
woody plants, and it may be necessary
to develop species-specific cultural
criteria to optimize production.
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Methods of predicting hydrological
properties of substrates used in con­
tainer production are summarized
in Milks et ai. (1989) and Spomer
(1974).

PARTICLE SIZE. Substrates used
in container production generally
contain a wide range of particle sizes.
Definitions vary, however; in general,
coarse components are >0.8 mm
(Argo, 1998b), while fine compo­
nents are <0.5 mm (Bilderback
et aI., 2005). Argo (1998b) describes
two types of pores within a substrate:
capillary and noncapillary. Capillary
pores <0.3 mm retain most of the
water after an irrigation event,
whereas noncapillary pores >0.3 mm
retain only a small amount of water.
Although coarse components are
good for increasing Ea of a substrate,
coarse components have little value
for water retention or nutrient
exchange. Fine components increase
the Pv and nutrient-exchange capaci­
ties of substrates. Argo (1998b) also
states that particle sizes between 0.01
and 0.8 mm retain water; however,
particle sizes from 0.8 to 6.0 mm
increase the proportion oflarge non­
capillary pores, thus increasing the
amount ofspace occupied by air after
irrigation. The shapes and diversity of
particle sizes in substrates results in
different particle arrangements within
containers and can also alter pore sizes
and distributions (Jones and Or, 1998).

Substrates with a high percent­
age of fine particles can result in low
Ea and poor drainage. Low availabil­
ity of oxygen can retard root growth
and function and decrease overall
plant growth. Guidelines for con­
tainer substrate at a large commercial
nursery in Oklahoma indicate that a
desirable container medium should
have >6% of the particles as fines.
Robbins (2002), however, reported
that substrate physical properties
thought to have negative effects
on transplanting success (porosity
<10%, fines <65%) did not appear to
decrease the growth of three woody
species. Beeson (1996) found that
root system development of ever­
green azalea (Rhododendron indicum)
and variegated tobira (Pittosporum
tobira xvariegata) declined as com­
post percentages increased above 40%
due to decreases in Ea within the
substrate and suggested that, perhaps,
an increase offine particles «0.5 mm)
resulted in the low Ea.
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The Ea of substrates can be
increased by increasing the percen­
tages of coarse particles or using
deeper containers; however, too high
a proportion of coarse components
can decrease Py , efficiency of water
and fertilizer use, efficiency of root
function, and plant vigor. Knowing
the size classes of substrate compo­
nents is important for controlling
the aeration, water, and nutrient avail­
ability when developing substrates for
use in container production. Research
on particle size distribution in sub­
strates has primarily focused on its
effects on Py and Ea. Little research
has been done to assess the influence
of particle sizes on the efficiency of
water or fertilizer use in container
production.

BULK DENSITY (Db)' Db is
defined as the weight per volume a
substrate occupies including solid
particles and pore spaces. Substrate
compaction can alter Ea, root system
morphology, and whole plant growth.
Yeager et al. (1997) suggest a Db
range of0.19 to 0.7 g·cm-3 dry weight
for substrates used in container pro­
duction. Compaction results in an
increase in Db and occurs in container
production as a result of physical
handling of the substrate, pot config­
uration, particle size distribution, and
time. Bilderback et ai. (2005) found
that, at planting, Db values of aged
and fresh pine bark/sand (8:t) sub­
strate were 0.19 and 0.17 g·cm-\
respectively; however, after 56 d the
Db had increased to 0.32 g·cm-3

for both substrates. Changes in Db
during production can negatively
affect other substrate physical proper­
ties and consequently root growth
and function. .

In most cases, increased sub­
strate Db above a certain threshold
decreases root growth and ultimately
decreases growth of the whole plant.
Ferree et al. (2004) found root dry
weight of container-grown apple
(Malus xdomestica) in Orville silt
loam soil (20% sand, 62% silt, 18%
clay) with a Db of 1.2 g·cm-3 was
greater than when grown at 1.4 g·cm-3

Db' Increasing Db to 1.5 g·cm-3

reduced shoot length, leaf area, leaf
size, and dry weight of shoots, leaves,
and roots. Maupin and Struve (1997)
found that growth ofred oal, (Quercus
rubra) in Wooster siltloam (25% sand,
60% silt, 15% clay) was not influenced
at a 1.5 g·cm-3 Db but was reduced by

a Db of 1.75 g·cm-3
• When container­

grown lodgepole pine (Pinus contorta)
trees were grown in a loam soil
(46% sand, 47% silt, 7% clay) above
1.7 g·cm-\ trees had shorter needles
and lower root dry weight (Conlin and
van den Driessche, 1996).

Although Ferree et al. (2004)
found substrate compaction in con­
tainers had major effects on plant
growth, there was little effect ofcom­
paction on photosynthesis, suggest­
ing that carbon supply was not the
major factor limiting growth in com­
pacted substrate. Wilson et al. (2003)
compared growth of perennial sage
species (Salvia spp. 'Van Houttei',
S. gauranitica 'Black and Blue',
S. longispicata x S. farinaceae) grown
in compost and peat-amended sub­
strate. They found that, even though
compost-amended substrates had
higher Db, higher particle density
and yielded lower plant growth than
peat-amended substrates, the plants
grown in the compost-amended sub­
strates were still considered marketable.

For some species, substrate com­
paction can enhance growth but
may decrease container stock quality.
Zahreddine et al. (2004) reported
root and shoot weight of Austrian
pine (Pinus nigra) grown in a com­
pacted (0.71-1.01 g·cm-3

) substrate
(1 vermiculite: 1 peatmoss: 1 perlite)
was greater than when grown in
uncompacted (0.39 g·cm-3

) sub­
strates; however, root malformation
was also greatest when .grown in
compacted substrate. Compaction of
1.01 and 1.10 g·cm-3 resulted in root
circling, which may decrease plant
performance after transplanting.

The influence of compaction on
root growth and establishment suc­
cess has not been investigated for a
wide range Qfwoody nursery plants.
Because many urban soils are consid­
ered compacted, and many plant
stresses can be partially alleviated by
previous exposure or precondition­
ing' there may be an advantage to
growing certain species in substrate
with high Db to precondition plants
to a root environment with low oxy­
gen, denser substrate, and low water
availabilities. We speculate that high
Db in container production are
more widespread than realized and
are potentially detrimental to plant
survival after transplanting into the
landscape. Again, the results reported
by Zahreddine et al. (2004) indicated
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that, even though plants in higher
Db substrate produced more root
and shoot mass, they also had an
increased incidence ofroot malforma­
tions. It is possible that some of the
root malformation issues experienced
after transplanting into the landscape
may have been initiated in production
by less than optimum substrate Db.
This should be explored in future
investigations.

Placing plants too deep, so that
the soil covering the roots smothers
them, is a major concern and focus of
research in the nursery/landscape
industry. Planting too deep can stop
the plant from growing and eventu­
ally it leads to the death of the plant.
All species can suffer from "too-deep
syndrome" (TDS); however, erica­
ceous plants (Cameron et aI., 1999)
and other shallow-rooted species are
especially vulnerable. The interacting
affects ofsubstrate Db, depth ofplant­
ing and transplanting survival should
be the subject of future research.

DECOMPOSITION. Characteristics
of substrate components can change
over time (Allaire-Leung et al., 1999)
and result in changes to substrate
physical characteristics that influence
root growth. Substrate components
should not only be chosen for their
physical properties but also for the
stability of these properties over time.
Bark, a common substrate compo­
nent used in container production of
woody species in the United States
and Canada, provides good aeration,
especially when mixed with peat.
Coarse sawdust that is well decom­
posed is also useful as a substrate
component. Fresh sawdust has high
aeration porosity; however, rapid
decomposition can result in a dra­
matic decrease in Ea over time. Bark
has high lignin content and is more
resistant to decomposition. Hard­
wood bark is 45% cellulose and 55%
lignin and decomposes more readily
than softwood bark, which is 10% cel­
lulose and 90% lignin (T. Bilderback,
personal communication). Ea should
not vary as greatly when bark is used
as a nursery substrate compared with
sawdust. Perlite and vermiculite are
not subject to decomposition, but
Ea can be lost due to compaction,
especially with high vermiculite
percentages.

The ratio of carbon to nitrogen
(C:N ratio) varies with substrate com­
ponents (e.g., sawdust, 1000:1; rice
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hulls, 500:1; conifer bark, 300:1;
hardwood bark, 150:1; coir, 80:1;
peat, 58:1). Generally, components
with high C:N ratios tie up nutrients
from fertilizers and decrease fertilizer
efficiency during production. Rice
hulls, however, are an exception due
to their high silica content that in­
creases substrate CEC. To enhance
decomposition in bark substrates, it
was formerly recommended that
growers add R::;1 kg of N per cubic
meter of bark. This procedure is con­
trary to current best management
practices, and many growers now
compost high C:N organic compo­
nents until they decompose to lower
C:N ratios.

Compost
Compost materials are being

used extensively in the nursery indus­
try and in some cases to replace
peatmoss. Effects of compost materi­
als on root growth in containers are a
function of their interactive effects
not only on substrate physical proper­
ties but also on substrate chemical
and biological properties.

The physical (Pv, Ea) and chem­
ical (pH) properties of composted
materials can change over time (Kraus
et al., 2000). Changes in Ea over time
may be higher with the compost­
amended substrate than with peat­
moss7amended substrate (Raviv and
Medina, 1997). Bunt (1961) dis­
cussed other effects of compost on
plant growth and found that compac­
tion of compost materials over time
can influence root growth and func­
tion. Composted materials often lack
the coarse, large particles necessary
for adequate aeration, and as they
decompose their effects on Ea
become more pronounced, leading
to possible waterlogging and anoxia
of roots (Bilderback and Jones,
2001); therefore, composted materi­
als are never used in amounts >50% by
volume for most container substrates
(Bilderback et al., 2005). Animal
waste composts usually have high
EC and nutrient levels and are gen­
erally limited to 10% to 30% by vol­
ume of potting substrates. Composts
usually have a "liming effect" (rais­
ing the pH), so no dolomitic lime
should be added, and minor element
supplements are often not required
(Bilderback et al., 2005).

Serra-Wittling et al. (1996)
found that at different matric

potentials, water potential was 2.5­
4.5 times greater in compost than in
the soil. The higher Pv of compost is
due to a smaller pore size compared
with the pore size of mineral soil.
Cole et al. (2005) determined that
physical properties (particularly Pv) of
a 100% pine bark (PB) substrate were
significantly improved with amend­
ment by cotton gin compost (CGC).
They concluded that irrigation could
be reduced using 3:1 PB/CGC sub­
strate without reduction of plant
growth or quality compared with
100% PB. Future research should in­
vestigate the use ofcompost Pv values
to increase irrigation efficiencies.

The effects of composts on Pv
may indirectly influence other sub­
strate attributes in container produc­
tion, such as temperature.Comtil, a
compost of municipal solids mixed
with pine bark, is commonly used in
Ohio container production for its
reported growth enhancement, dis­
ease suppression, and general stress
reduction properties (H. Hoitink,
personal communication). In a study
comparing substrates with 0%, 10%,
and 20% Comtil in I-gal containers,
increasing the amount of Comtil in
the substrate decreased substrate
temperature by 1.1-1.3 DC and
increased shoot and root weights
(S.B. Lowe, H.M. Mathers, and
S.K. Struve, unpublished).

Addition ofcompost to substrate
has long been observed to improve
plant growth as well as decrease losses
due to Phytophthora root rots in the
nursery industry (Hoitink and
DeCeuster, 1999; Hoitink et al.,
1991; Kuter, 1988). Hoitink et al.
(1997) found that incorporating
compost into substrate can be as
effective at controlling root rots as
use of fungicides. Substrate amended
with composted material has been
found to suppress disease in both field
and container production (Hoitinlc
and DeCeuster, 1999).

Chemical properties
Chemical properties ofcontainer

substrates, such as pH, CEC, soluble
salts, pesticides, and copper coatings,
can have a profound influence on
root growth and function in contain­
ers. Understanding how substrate
chemical properties influence roots is
important for selecting substrate as
well as development of cultural prac­
tices (e.g., substrate amendments,
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chemical and fertilizer additions) that
result in providing the optimum
nutrients for growth and minimizing
the damage from potentially toxic
compounds. A summary of some of
the chemical properties of container
substrates is given by Argo (1998a).

pH. pH is a measure ofhydrogen
(H+) ions in solution. It is recorded
on a logarithmic scale of0 to 14, with
7 being neutraL Substrate values
above 7 are considered basic or alka­
line, and those below 7, acid. The
ability of roots to acquire and use
nutrients is strongly influenced by
pH. The pH ofsubstrate affects avail­
ability and solubility of some
nutrients. The optimum pH of con­
tainer substrate varies with plant spe­
cies and some species grow best
within a narrow range of pH values.
Plants grown outside their optimum
pH range can exhibit symptoms
of nutrient toxicity or deficiency as
well as stunted growth and poor
performance.

In general, substrate pH should
range from 5.4 to 6.0 and 6.2 to 6.8
in substrate that contain >20% min­
eral soils. In high-pH substrates, ions
of aluminum (Al), iron (Fe), and
manganese (Mn) precipitate, and
the availability of these elements
decreases. Plants in a high-pH sub­
strate may express deficiencies of Fe,
boron (B), zinc (Zn), Mn, copper (Cu),
and molybdenum (Mo) (Mathers,
2003a). Phosphorus (P) may also
become deficient in alkaline sub­
strates because it complexes with cal­
cium (Ca) to form insoluble Ca
phosphates. Plants in low-pH sub­
strates may express toxicities in Fe,
Mn, Zn, and Cu, deficiencies in Ca or
magnesium Mg, sensitivity to ammo­
nium (NH4+), and leaching of phos­
phates (P04-2). Deficiencies of most
of the micronutrients can be cor­
rected by adjusting the substrate pH.

One disadvantage of many peat­
and bark-based substrates is that these
components have poor buffering
capability, resulting in pH changes
over time, even if the substrate is
within the optimum pH .range at
planting. The pH in a substrate can
shift depending on the alkalinity of
irrigation water, liming effects, acid­
ification of substrate by roots, and
acid/base reactions of fertilizer
(Bishko et aI., 2002, 2003). Regular
monitoring of substrate pH can be
used to assess changes in pH and
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allow growers to correct pH problems
before they become too serious.
Information on pH management in
container crops is addressed in Argo
and Fisher (2002).

EXCHANGE CAPACITY, SOLUBLE

SALTS, AND FERTILIZER. CEC refers
to the interchange between cations
in substrate solution and cations on
negatively charged soil or organic
colloids. It represents a substrate's
nutrient holding capacity or the total
exchangeable cations a substrate can
retain per unit weight. The recom­
mended CEC range for container
substrate is 6 to 15 meq/l00 g.
Cation binding strengths to particles,
in order of strongest to weakest, are
H+ > Ca+2 > Mg+2 > K+ = NH4+> Na+.
Low substrate CEC in container pro­
duction can increase the frequency of
fertilizer applications compared with
plants grown in soils.

Anions are nitrates (NOa-), phos­
phates (P04-2

), and sulfates (S04-2
).

Most NOa, like other anions, is easily
leached from container substrate by
heavy rains or excessive irrigation.
Periodic monitoring of substrate NOa
levels is essential in container pro­
duction because NOa availability is
so important to plant growth and it
so easily leached (Mathers, 2004).

Soluble salts (SS) come from
fertilizers, organic matter used in the
substrate, and salts in irrigation water.
Plant sensitivity to SS can be cultivar­
specific and vary with plant age and
length ofexposure. Periodic monitor­
ing of SS will provide an estimate of
the total dissolved salts in a container
production system. One way to meas­
ure SS dissolved in water is by elec­
trical conductivity (Ee). Decisiemens
per meter (dS·m-1

) is a commonly
used unit for measuring EC. The
relationship between the EC ofwater
(ECw ) and total dissolved salts is ECw

x 640 = total dissolved salts (in ppm
or mg·L-1

). The initial total dissolved
salts of a substrate should be low,
especially for salt-sensitive plants, lin­
ers, seedlings, and other young plant
material.

Producers of container-grown
nursery plants have been slow to
adopt regular EC monitoring pro­
grams (Ruter and Garber, 1993).
The Virginia Tech extraction method
(VTEM), or pour-through method,
is a simple, quick method that
requires no special equipment, allows
for testing in the field, requires no

substrate handling, and reduces false
high readings due to rupture of
controlled-released fertilizers (CRFs)
priUs (Ruter and Garber, 1993).
Table 1 presents values for interpre­
tation of SS and pH measurements
obtained by VTEM compared with an
extraction method. Generally, EC
values for plants fertilized with CRFs
and evaluated with VTEM should
range from 0.20 to 1.00 dS·m-1

.

Fertilizer selection and method
of application profoundly influence
the chemical properties of substrates
used in container production. Fertil­
izer selection considers crop, cost,
labor, substrate, growth stage, pro­
duction time, and irrigation practices.
For container production, methods
of fertilizer placement include dib­
bling, top dressing, incorporation,
and fertigation. Slow-release fertil­
izers (SRFs) and CRFs are the pre­
dominant types of fertilizer used in
container production due their sim­
plicity of use and potential for
decreasing nutrient runoff. Although
the terms SRF and CFR are often
used interchangeably, the products
they describe are different (Table 2).
SRF can be divided into two groups:
naturally occurring organic materials
and low-solubility synthetic organic
compounds. CRFs are coated with
materials (e.g., polyethylene, acrylic
resins, latex, waxes, and sulfur) that
keep the fertilizer from being imme­
diately soluble and available to plants.
The labels and instructions on bags
of SRFs and CRFs generally indicate
their length of nutrient release; how­
ever, the manufacturer typically in­
cludes nutrient-release data that are
based on laboratory conditions, not
actual plant .production. Thus, it is
crucial to understand the production
conditions that affect the nutrient­
release characteristics of different
fertilizer formulations to predict
their effects of substrate chemical
properties.

HERBICIDES. Herbicide use in
containers can directly affect root
growth. Herbicides are applied shortly
after potting and can reach the roots
easily due to the large macropores that
are present at this time. Certain pre­
cautions should be talcen when using
herbicides in container production,
such as avoiding excessive leaching
of herbicides into the root zone
and selecting herbicides with lower
leaching potentials (Altland, 2002).
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Table 1. Normal ranges and comparisons of soluble salt and pH measurements
obtained in nursery contamer soilless substrates with various extraction
methods.Z

The most common pre-emergent her­
bicides used in container production
are oryzilin, prodiamine, pendirnetha­
lin, trifluralin, oryzalil) + oxyfluorfen,
isoxaben + trifluralin, pendimethalin +
oxyfluorfen, and oxadiazon + prodi­
amine (Mathers, 2002). All of these
registered herbicides are dinitroaniline
(DNA) herbicides or contain DNA
herbicides. Root inhibition and lodg­
ing frequently occur with DNA herbi­
cides (Ashton and Crafts 1981; Hayes
et al., 1999). Derr and Salihu (1996)
found that a single application of
oryzalin at a rate of 4.48 kg·ha-1 a.i.
reduced overall root weight of abelia
(Abelia xgrandiflora) by 25% and
effectively stopped all new root
growth. Despite the knowledge that
DNAs are root inhibitors and that
three to five applications of pre-emer­
gent herbicides are not uncommon to
keep the "chemical barrier" on the
container substrate surface, few studies
have investigated the effects of these
herbicides on root development ofthe
crop in container production.

COPPER. Spinout (SePro, Car­
mel, Ind.) or copper hydroxide
[Cu(OH)z]-treated containers are
used in container production to elim­
inate root circling problems incited
by the smooth sidewalls of plastic
containers (Arnold and Struve,
1989b). The Cu acts as a growth
regulator, stunting or killing the root
tips and thus redirecting root growth.
When the root tip contacts Cu(OH)z
on the sidewalls of the container,

or killing root tips (March and Apple­
ton, 2004). Root circling is caused
when nursery stock is not sold as early
as anticipated and excessive time is
spent in the container. It may be
exacerbated by the smooth sidewalls
of plastic containers and substrate
compaction (Zahreddine et al., 2004).
"Pot-bound" plants with a solid mass
of circling roots will establish slowly
and may continue root circling for
many years after planting. Maynard
et al. (2000) suggest that the inci­
dence of root circling is a function of
time in the pot and method of root
control.

Root circling can lead to poor
anchorage or even girdling (strangling)
of the trunk. Vigilant observation of
the growth of container-grown plant
roots and appropriate action to pre­
vent circling and stunting can offset
permanent damage. Other possible
causes of root circling can be con­
tainer designs that do not induce
roots to grow downward into the
center of the container, an area usu­
ally less colonized by roots (Ferrini
et al., 2000). Downward root growth
results in a better root system, with
fewer circling and kinking roots and
with intact root tips (Fiorino et al.,
1998).

To reduce circling root develop­
ment, containers with internal ridges
were designed. Vertical slits in the
sides of containers (Stromberger,
2002) and chemical treatments to
interior container surfaces includ­
ing Cu(OH)z (Arnold and Struve,
1989a) were later developed to
reduce root malformation. Another
strategy used included small holes in
between woven strands in a fabric bag
container as a method for mechani­
cally pruning roots (Appleton, 1993).
Many early root pruning strategies
incorporated air pruning of tap roots
during seedling propagation (Arnold
and McDonald, 1999).

TDS is also thought to result in
root circling (Johnson and Hauer,
2000). There are three possible
explanations for why landscape plants
are planted too deep: nursery culture
(e.g., planting, cultivation, digging
too small a ball); tree planting (e.g.,
deep holes, root balls sinking into
backfill, buried by landscape fill,
excessive mulch); and changes to
established tree environment (e.g.,
fill over roots, excessive mulch,
water table changes, compaction).

0.50-0.75
0.75-1.50
0.20-1.00

0.00-0.74
0.75-1.49
1.50-2.24
2.25-3.49

3.50+
0.00-0.75
0.75-2.0
2.0-3.5
3.5-5.0

5.0+

Root circling
Root circling has been deter­

mined to cause long term damage to
tree roots and trunks well after trees
have been planted into the landscape
(Harris et al., 2004). Air-root-prun­
ing (ARP), accomplished by using
containers with holes in the container
wall or containers made of synthetic
fabrics, has been demonstrated to
minimize root circling by modifYing

lateral root growth is redirected,
resulting in increased secondary root
branching and more fibrous root
growth. Cu is strongly bound to soils
and organic matter and is very immo­
bile. Cu(OH)z-treated containers are
usually effective for regulating root
growth for one growing season in the
container, and normal root growth
generally resumes after the container
is removed and the plant is trans­
planted into the landscape (Arnold
and Struve, 1989a, 1993; Struve
et al., 1994). Some researchers (Brass
et aI., 1996; Beeson and Newton,
1992) have reported that certain spe­
cies [e.g., magnolias (Magnolia spp.),
blue princess holly (Ilex xmeserveae
'Blue Princess'), flowering dogwood
(Cornus spp.), sweet gum (Liqidam­
bar styraciflua), and weeping willow
(Salix babylonica)] grown in
Cu(OH)z-treated containers were
slower to establish and grow in the
landscape. Cultivar sensitivity to
Cu(OH)z-treated containers has not
been assessed completely.

Sensitive crops (liquid feed)
Nursery crops (liquid feed)
Nursery crops

(controlled-release)
Low
Acceptable
Optimum
High
Very high
Low
Acceptable
Optimum
High
Very high

Soluble saltpH

5.8-6.8

5.2-6.2

5.6-5.8

Method

'Ruter and Garber, 1993.
'Ee ~ electrical conductivity.
Xl dS·m-1 ~ 1 mmho/cm.
"'VTEM ~ Virginia Tech extraction method.
vSEM ~ saturation extraction method.

SEM (greenhouse crops)

SEM (nursery cropst
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Table 2. Groups, examples, descriptions, and factors affecting nutrient release of controlled-released (CRF) and
slow-released (SRF) fertilizers, the predominant types of fertilizer used in soilless nursery container substrates.Z

Fertilizer typeY Examples Main factors Comments

Isobutylidene-diurea (IBDD) Woodace" 18N-2.18P-8.3K

CRF (also known as coated fertilizers)
Sulfur-coated urea (SCD) Scotts' Poly-SU, John Deere

Landscapes'SCD'

Organic SRF
Animal by-products

Drea formaldehyde

Low-solubility SRF
Magnesium ammonium

phosphate

Resin- and polyurethane­
and polyolefin-coated
materials

Hoof and horn mixtures,
dried blood, urea, manures

Nitroform Blue Chipx
38N-OP-OK

MagAmpw 7N-17.46P-4.98K

Osmocote Plusu 15N-3.93P-9.96K,
Apex' 21N-2.2P-5.28K,
Nutricote' 18N-2.62P-6.64K,
and Multicoteq 15N-3.08P-12.45K

Microbial activity
(fungal and
bacterial)

Microbial activity

Chemical hydrolysis,
particle size, and
moisture

Chemical hydrolysis,
particle size,
hardness,
and moisture

Coating thickness,
substrate
temperature,
and moisture

Coating thickness
and substrate
temperature

Small particle size, moderately
high temperatures and water
content speeds brealcdown
and could give rise to
conditions of ammonia
toxicity.

Release is unpredictable but
could be increased by high
temperatures and low pH.

Low pH and high moisture
content increase the rate of
release. Low nitrogen and
high phosphorous.

Low pH and high moisture
content increase the rate of
release.

Imperfections in coating may
cause a high and sudden
release. More even release
achieved in next generation
SCDs such as Scott's Poly-S
and John Deere Landscapes'
SCD. Microorganisms also
break down the coating.

Research indicates that release
rates from fertilizer held at
100 OF (37.7 0c) could be
up to 60% higher than those
from fertilizer held at 80 OF
(26.7 0c).

'Cabrera, 1997.
YSome fertilizers may be made up ofa combination ofdifferent controlled-release formulations. For example, Woodace 18N-2.18P-8.3K contains both IBDU and polymer­
coated urea. Always read labels and instructions on fertilizer bags or associated technical literature before use.
xNu-Gro Technologies, Inc., St. Louis.
wSurnitono Corporation ofAmerica, New York.
YLebanon Seaboard Corp., Lebanon, PA.
"The Scotts Co., Marysville, OH.
'Deere and Co., Moline, IL.
'T.R. Simplot Co., Boise, ID.
'Chisso-Asahi Fertilizer Co., Ltd., Tokyo.
qHaifa Chemicals, Ltd., Haifa Bay, Israel.

The depth from the soil surface to
the root system affects root circling
because roots respond to oxygen lim­
itations by growing into oxygen-suffi­
cient areas, typically near the soil
surface. The ascent of roots to the
surface often causes roots to lose their
normal outward radiating pattern
(Johnson and Hauer, 2000). Roots
that radiate toward the stem can later
become stem-girdling roots (SGRs).
SGRs enlarge over time and, in com­
bination with the normal enlargement
of the buried stem, create a com­
pressed, wealc point in the tree's stem

Hodrlmology' April-June 200717(2)

(Harris et al., 2004). There is a general
decline in the remaining root system,
and movement ofwater and nutrients
is impeded due to stem compression
(Johnson and Hauer, 2000). Trees
with SGRs may suffer slow decline,
severe dieback, and cambial death
following cold winters or periodic
drought, die prematurely, or fail sud­
denly in wind and ice storms.

Container characteristics
Because root growth is restricted

to the volume ofsubstrate a container
can hold, it is not surprising that pot

characteristics have a significant
impact on root and plant growth.
The delicate balance between roots
and shoots can be upset when the
root system is restricted in a small
rooting volume (NeSmith and Duval,
1998). The resulting imbalance can
have short- and long-term effects on
plant growth. Plants grown in con­
tainers in general have different root
morphology than field-grown plants
(NeSmith and Duval, 1998). Root
restrictions can result in a loss of
primary roots and an increase in the
number oflateral roots (NeSmith and
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Duval, 1998), and contmner type can
alter root orientation (Marshall and
Gilman, 1998).

CONTAINER GEOMETRY. Bilder­
back and Fonteno (1991) observed
that container geometry and sub­
strate selection have a pronounced
effect on Pv and Ea. As container
height and width decrease, Pv
increases and Ea decreases. Substrate
properties such as E, unavailable water
content, and Db are unaffected by pot
size. A perched water table is created
in the bottom of all containers that
further restricts the total root grow­
ing space (Mathers and Leidenfrost,
1995). This perched water table is an
area where all the pore spaces in the
substrate are filled with water and
occurs no matter how many drainage
holes are in the container. As the
depth of the container increases, the
impact of the saturated area at the
bottom of the container lessens
because it becomes a smaller percent­
age of total pot size.

Substrates in short containers
have lower Ea than in taller contain­
ers. Deeper containers exhibit greater
overall Ea and fewer pores filled with
water and thus are best for optimum
aeration and drainage. One criticism
ofdeep containers is that roots do not
grow laterally in the container and
grow slowly after transplanting,
resulting in plants that are more sub­
ject to blow over. However, the lack
of lateral root development, out of
deep containers, may be more an issue
of root circling. Circling roots in the
container before transplanting is fre­
quently the cause of poor lateral root
development after transplanting. The
influence of pot geometry on root
development and morphology has
been discussed by others (Appl<;ton,
1993, 1995). Plants with circling
roots do not regain normal growth
after plants are removed and planted
in the landscape.

CONTAINER SIZE. The effects of
container size on roots are related to
container geometry and to volume of
substrate. Container volume has been
reported to limit basic plant growth
requirements of space, water, air,
and nutrients (Swanson, 1995).
Container-grown plants can have
abnormal buttress root development
beginning when seedlings are grown
in deep cells with narrow diameters
(Zahreddine et al., 2004). Root mal­
formations and circling can also occur
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from container design and restric­
tions. Altered root morphology may
be more pronounced with smaller
containers and can predispose plants
to drought stress (NeSmith and
Duval, 1998).

Meyer and Cunliffe (2004)
determined that container size had a
significant effect on root and shoot
growth ofornamental grasses. Height
and crown diameter increased as
the container size increased and
was thought to be strictly a function
of increased container volume.
Keever et al. (1985) reported that
shoot growth of Burford holly (flex
cornuta) , Japanese euonymus (Euo­
nymus japonica) , and azalea
(Rhododendron spp.) were positively
correlated with pot size. Spreading
euonymus (Euonymus kiautschovia)
grown in large containers grew more
rapidly than those grown in smaller
containers, and root restriction was
found to increase root/shoot ratios
by decreasing biomass partitioning to
the main stem (Dubile et al., 1990).

Using larger containers, how­
ever, does not necessarily improve
establishment after transplanting into
the landscape. Plants grown in smaller
containers sometimes establish more
rapidly than plants grown in larger
containers. Mountain laurel (Kalmia
latifolia) established better in hot,
dry environments after transplanting
from 7.6-L containers than when
transplanted from 19-L containers
(Hanson et al., 2004). This suggests
that smaller plants are less vulnerable
to environmental stress during the
first season after transplanting and
will possibly establish more success­
fully in the landscape. Lauderdale
et al. (1995) found that smaller plants
have higher leaf conductance, water
use efficiency, and shoot elongation
after transplanting than larger plants,
indicating less transplant stress. They
concluded that smaller plants are bet­
ter candidates for transplanting in
most circumstances because they
recover from transplant shock more
quickly than larger plants. However,
Weston and Zandstra (1986) stated
that transplants with relatively large
root systems generally suffer less post­
transplanting stress and thus come
into production earlier than plants
with small root systems.

Newby and Fare (2001) found
smaller liners ofRed Sunset red maple
(Acer rubrum 'Franksred') potted

into larger containers produced sig­
nificantly better height and caliper
growth. Plants grown from 0.5-inch
caliper liners had greater height and
caliper growth than plants grown
from 0.75-inch and l.O-inch liners
after 18 months ofproduction. When
plants were transplanted into 15-gal
pots, they had greater height growth
than those grown in 7-gal or 10-gal
containers. Container-grown plants
may also have abnormal buttress root
development beginning when seed­
lings are grown in deep cells with
narrow diameters (Zahreddine et al.,
2004). Root malformations and cir­
cling can also occur from container
design and restrictions. These alter­
ations in root morphology may be
more pronounced with smaller con­
tainer sizes and could predispose plants
to drought stress in out-planting
because a significant reservoir of soil
water resources goes unexplored
(NeSmith and Duval, 1998).

Container size can also influence
temperature within the substrate.
Mortality from high temperatures
may be higher in smaller containers
(Wright et al., 2001) due to decreased
distance between container walls
(highest temperatures) and the con­
tainer center (lowest temperatures)
(Martin and Ingram, 1993). Martin
et al. (1991) found the maximum
temperature at the container center
was 4.8 and 6.3 DC lower for 57-L
than for 27-L and 10-L containers,
respectively. As container volume
increased, daily maximum mean tem­
peratures were lower at the container
center and occurred later in the day
due to increased distance between
container walls and the container
center. Martin et al. (1991) con­
cluded that, when container walls
are exposed to solar radiation,
increased container volume is required
for maintenance of adequate carbon
assimilation flUxes and tree growth.

CONTAINER COLOR AND
COMPOSITION. Plant growth generally
increases with increasing temperature
up to an optimum temperature and
then decreases at higher temperatures.
Favorable temperatures for root growth
ofnorthern temperate plants range from
20 DC to 30 DC (Larcher, 1995), tem­
peratures above 30 DC inhibit root
growth (Mathers, 2003b), and temper­
atures above 39 DC injure roots
(Johnson and Ingram, 1984). Substrate
temperatures approaching those that
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cause direct injury to roots 'occur .. for
about 6 h daily in containers exposed
to full sun (Ramcharan et al., 1991).
During warmer months in the south­
eastern United States, it is common for
substrate temperatures to exceed 42°C
for several hours (Ruter and Ingram,
1990).

One method ofdealing with heat
stress in container production is to
use containers with alternative colors
or composition instead of black plas­
tic. Black plastic pots act as heat sinks
because of their ability to absorb heat
from the large influx ofsolar radiation
(Ruter, 1999). Black absorbs almost
all radiation and reflects very little,
and the nonporous nature of plastic
allows for no evaporative cooling
from container sides (Beattie et al.,
1987; Ruter, 1999). It is possible that
the lighter color of fiber pots allows
for more reflection of radiant energy
and less heat absorption than black
plastic pots. Fiber pots may also have
higher potential for evaporative cool­
ing and gas exchange in comparison
with black plastic pots.

The walls offiber pots are porous
and allow for evaporative cooling and
gas exchange through all sides of the
container, and they increase air
exchange through the depth of the
container (Ruter, 1999). Lower (2 to
6°C) maximum root zone temper­
atures have been reported in fiber
compared with black plastic pots
(Biddinger et al., 1999; Ruter,
2000). Ruter (1999) found that
'Otto Luyken' laurel (Prunus lauro­
cersus) grew 22% larger and had 52%
more root and shoot growth when
grown in fiber pots than when grown
in black plastic pots. The survival of
plants in fiber containers was also
higher (83% vs. 46%). Root growth
was unaffected by pot type (plastic or
fiber) until October when the rate of
root growth increased and root
growth of plants in fiber pots was
greater than plants in plastic pots
(S.B. Lowe, H.M. Mathers, and S.K.
Struve, unpublished). An added ben­
efit of fiber pots is that root develop­
ment is improved by decreasing the
potential for water logging.

Greene et al. (2001) compared
growth of different plant species in
several types of3-gal containers. With
river birch (Betula nigra) and willow
oalc (Quercus phellos) growing in
green NS 1200 [Nursery Supplies,
Fairless Hills, Pa. (NS)], green NS
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1200 covered with aluminium foil,
green NS Root Right (copper
impregnated), and aluminium Accel­
erator (Hold Em, West Palm Beach,
Fla.), they found temperatures in the
aluminium Accelerator and alumi­
nium foil covered containers were
~10 OF cooler than the green NS
1200 and the green NS Root Right.
With loblolly pine (Pinus taeda) and
tulip tree (Liriodendron tulipifera)
growing in green NS 1200, green
NS Root Right, silver plastic Acceler­
ator, Easi-Liftwhite polyethylene bag
(Bong Manufacturing Co., Benicia,
Calif.), copper-impregnated fiber
containers (Henry Molded Products,
Lebanon, Pa.), and aboveground NS
1200 inside a 5-gal black NS con­
tainer, they found that the fiber 'and
Accelerator containers provided the
coolest medium temperatures (89.2
and 91.9 OF) but did not produce
plants with the largest root and shoot
dry weights. The standard black NS
1200 resulted in more vigorous
growth but had the highest substrate
temperatures. Pot color may have an
influence on medium temperature,
but ameliorating the influence ofheat
stress on root growth appears to be
more complicated then pot color
alone (i.e., pot composition, rate of
substrate drying, use of chemical
inhibitors, or physical root inhibitor
designs also may affect root growth).

Dispersing heat energy by apply­
ing irrigation water is a method to
lower substrate temperatures. Sub­
strate composition also influences
the rate of movement of heat energy
(thermal diffusivity) in the container
because ofthe differing thermal prop­
erties (i.e., thermal conductivity, Db,
and specific heat capacity) of individ­
ual components. For example, 26°C
irrigation water applied to 10-L con­
tainers was most effective as a sub­
strate coolant if sand was in the
substrate compared with bark alone
(Martin and Ingram, 1991). Thermal
diffusivity was greatest for 3 pine bark
: 2 sand substrate if volumetric water
content was 10% to 65%. To achieve
the same cooling effect in pine bark,
irrigation volumes would need to be
increased or water temperatures
lowered.

Conclusions
Numerous interacting abiotic

factors can influence root growth
of woody plants during container

production. Factors most unique to
container production that may have
the greatest impact on root growth
and establishment success of nursery
stock are container characteristics and
temperature. Container effects on
root morphology are not well known;
however, the differences in root mor­
phology and imbalances between
above- and belowground growth on
nursery stock quality need further
research. This type of research would
help enable the development of opti­
mal container configurations and
types for specific product purposes.
Much ofthe abiotic decline and death
aboveground occurring in landscape
woody plants is the result of root
problems and the destruction of the
absorbing organs of the plant. With
an increasing amount ofnursery stock
being produced in containers, opti­
mizing root growth and function and
minimizing abiotic stress is important
in ensuring the long-term success of
the nursery/landscape industry.
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