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INTRODUCTION
Sinuous stem growth, an oscillating curvature of the stem,
may be caused by taproot deformity. Sinuous trees contain
more compression wood, which is one of the mechanisms
in gymnosperms responsible for stem curvature. However,
compression wood is undesirable for wood utilization
purposes. It comprises 10–15 percent of wood volume in
southern pines (Timell 1986) and results in warping of
lumber, which has less strength under tension, creating a
product that may endanger life and property (Koch and
others 1990). It is also undesirable for pulpwood utilization
because of its high lignin and low cellulose contents,
leading to reduced pulp yield and quality (Low 1964). If it
can be determined that taproot deformity is a cause of
stem sinuosity, alternative planting procedures could be
developed to reduce compression wood formation.

Compression wood corrects a bent stem to its normal
position by longitudinal expansion on the concave side of
the stem. Sinuosity is a result of an overcorrection, when
the stem is bent back into a bend in the opposite direction
(Timell 1986). This series of oscillating curves continues up
the stem until equilibrium is reached and normal growth
resumes. Sinuous condition usually remains for the life of
the tree. Although the exact mechanism is unknown,
gravitational stimulus is commonly accepted as a cause of
compression wood formation (Koch and others 1990,
Sinnott 1952). However, recent research has shown that
compression wood can form in the microgravity
environment of the NASA space shuttle (Kwon and others
2001).

Planting methods that result in compressed and/or bent
lateral roots and taproots are a suspected cause of stem
sinuosity (Harrington and others 1999). The presence of a
soil hardpan can mimic these conditions by providing an
impenetrable obstruction resulting in taproot bending.
Balneaves and De La Mare (1989) compared tree growth
and root development in soils with a known mineral

hardpan. Treatments consisted of ripping the soils to vary-
ing depths and no ripping. Greater taproot penetration was
found on the ripped sites when compared to unripped sites.
The least amount of stem deviation was found on those
sites with the straightest and deepest penetration of
taproots.

Conversely, other studies indicate root deformation has no
negative effects on survival and growth. Although the prob-
lems of compression wood and stem sinuosity were not
addressed directly in these cases, these studies show that
early growth is greater for trees with deformed root systems
(Hay and Woods 1974a, 1974b, Seiler and others 1990,
Woods 1980). This may occur because deformed roots
develop more lateral roots near the soil surface, and these
laterals are more important than deep taproots for absorb-
ing limited soil moisture during dry periods (Hay and Woods
1974b). Deformed roots also may improve wind resistance
due to their increased upper lateral root growth (Hunter
and Maki 1980, Seiler and others 1990). They could, how-
ever, hinder later growth because as deformed roots grow
in their twisted condition some break and die, making the
tree more susceptible to windfall, insects, and disease
(Hay and Woods 1974a).

Although the majority of the literature assumes that root
deformity has no negative effect on growth and survival,
few researchers have addressed the problem of stem form
in association with root deformity. Harrington and others
(1999) performed a retrospective study on machine planted
loblolly pine to assess the relationship between stem sinu-
osity and root deformation. Trees identified as having
sinuous characteristics were assigned to an index that
correlated with their degree of sinuosity. These trees were
then excavated and their root systems examined. The
results indicated a potential correlation between bent tap-
roots and reduced stem quality. This study’s objective is to
show a relationship between sinuous stem growth and
taproot deformation in newly planted seedlings.
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Abstract—Sinuous stem growth in loblolly pine (Pinus taeda L.) results in diminished potential for the utilization of wood
products since these stems are difficult to mill and contain a higher percentage of compression wood. In this study, 90 full-
sibling loblolly pine seedlings (30 seedlings from each of 3 families) were planted with 5 taproot configurations: straight
taproot (check treatment), straight taproot with underground obstruction, taproot planted with “J” shape, straight taproot
planted at a 45 degree angle, and a straight taproot with the stem guy-wired to a 45 degree angle. Seedlings were irrigated
and fertilized to maintain high growth rates, and insect control treatments were applied to minimize injury from the Nantucket
pine shoot tip moth (Rhyacionia frustrana Comstock). Growth and form data were collected after the first growing season.
Statistical analyses were conducted to determine if seedling growth rate and stem eccentricity varied significantly according
to family, taproot treatment, or their interaction.
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MATERIALS AND METHODS
Study Site Description
This study was located at Whitehall forest in Athens, GA.
Development of planted pine seedlings was studied both in
raised beds and in an open field. Both the beds and the
field were tilled to a 30-cm depth prior to planting. Competing
vegetation was controlled using glyphosate herbicide. The
bare mineral soil was mulched with pine straw to maintain
soil tilth and suppress development of competing vegetation.
Seedlings were irrigated throughout the growing season
with soaker hoses and fertilized with macro- and micro-
nutrients.

Study Design
The experimental design of the study is a randomized
complete block with a factorial arrangement of treatments.
Five taproot treatments were applied to three full-sibling
families. The taproot treatments included a straight taproot/
straight stem planting (check treatment), a straight taproot
with obstruction planting, a j-root planting, an angled
taproot/stem planting, and a straight taproot/angled stem
planting. The three full-sibling families were selected for
their stem straightness characteristics. Each combination
of the 5 taproot treatments and 3 families was replicated 6
times, resulting in a total of 90 seedlings. Treatment repli-
cations were grouped in blocks, and three blocks each
occurred in the raised beds and in the field.

An effort was made to create identical soil disturbance
conditions for each taproot treatment. The taproot obstruc-
tion required the use of a 45-cm x 45-cm plexiglass sheet.
A square area was excavated and the plexiglass was
placed at a depth of 20 cm. This same large excavation
was done for each planting. The angled planting was done
by holding the entire tree at a 45 degree angle as soil was
filled around it. The straight taproot/angled planting was
done by planting the tree with a straight taproot. The tree
stem was then pulled over to a 45 degree angle with a wire
and maintained in that position by securing the wire to a
stake.

Measurements
Measurements of stem diameter (at 1 cm above ground),
height, and frequency and amplitude of stem curvature
were collected on October 8, 2002, one growing season
after planting. Frequency of stem curvature was determined
as the number of interwhorl curves that occurred in the
main stem. Amplitude of stem curvature was measured as
the distance from the peak of each stem curve and a

vertically held straight edge. These values were averaged
for the entire stem of each tree.

Statistical Analysis
The variables of stem diameter, height, frequency, and
amplitude were subjected to analysis of variance to deter-
mine if tree size and stem curvature varied significantly
(α = 0.05) among taproot treatments, families, or their
interactions. Multiple comparisons of treatment means
were conducted with Tukey’s test. All analyses were
performed with SAS (SAS Institute 1989).

RESULTS AND DISCUSSION
Taproot Treatment
Stem diameter and frequency of stem curvature varied
significantly among taproot treatments while height and
amplitude did not (table 1). Seedlings planted with a “J”
shaped root had the smallest values for stem diameter.
Frequency was greater for the treatments which had a
higher diameter (fig. 1). In general, the largest seedlings
had the greatest frequency of stem curvature.

Family
Stem diameter, height, frequency, and amplitude of stem
curvature each varied significantly among families. Family
(A) significantly outgrew the other families in height. This
growth likely affected frequency, resulting in a significant
difference in family (A) from the other families (fig. 2). It is
difficult to say if the expression of sinuous characteristics is
a result of the increased growth of family (A) or a symptom
of the genetic characteristics of this family. As with treat-
ment, measurements collected during the second growing
season may provide clarification.

Interaction Effects
While significant differences existed among taproot treat-
ments and families, there were no significant treatment
interactions.

CONCLUSIONS
The preliminary data collected during the first growing
season indicate some differential growth responses to
taproot treatment and family. In general, seedlings with
greater growth had more pronounced levels of stem sinu-
osity. By comparing tree responses among the taproot
treatments we hope to identify planting or planting spot
characteristics that are associated with increased levels of
stem sinuosity. Seedling growth and sinuosity responses
will be monitored for a second growing season. In addition,

Table 1—Significance levels for the effects of taproot treatment,
family, block, and their interaction. Factors are considered
significant if P < 0.05

Variable Treatment  Family Interaction Block

Diameter 0.0382 0.0081  0.8548 0.8682
Height 0.5778   0.0003  0.9863 0.9608
Frequency 0.0122 < 0.0001  0.0977 0.1986
Amplitude 0.1121   0.0035  0.2352 0.0447
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trees will be harvested and evaluated for different wood
properties among the treatments.

Ongoing measurements in existing field studies also are
underway. Specifically, data are being collected in 6-year
old plantations that have straight, “J”, and “L” shaped tap-
root plantings. Three of these plantations are comprised of
loblolly pine and three are slash pine (Pinus elliotti). To
determine if tree responses are influenced by availability of
belowground resources, plots for each planting treatment
are split with half receiving N+P fertilization and herba-
ceous weed control and half receiving neither of these

Figure 1—Comparisons of taproot treatment means, with 95 percent confidence intervals for frequency and
diameter. Taproot treatments are 1-check (straight taproot, straight stem), 2-taproot obstruction, 3-J-root treatment,
4-angled planting, 5-straight taproot, stem angled.

Figure 2—Comparisons of family means, with 95 percent confidence intervals for frequency, and height.

treatments. As in the seedling study, stem diameter, height
and the frequency and amplitude of stem curvature are
being collected on these trees.
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