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Abstract:

Stand density index (SDI) is a management principle based on the theoretical
belief that all plantations of a species in a particular geographical region will approach a
maximume-size density line. Southern yellow pine plantations are planted on a wide
variety of spacings. When these plantations are managed using SDI it is assumed that all
these stands will eventually approach the same maximum-size density line for a particular
species/region combination. Many studies have shown that not all stands approach the
same maximum-size density line when using Reineke’s beta coefficient of 1.6. This has
been attributed to genetics and environmental factors. However, planting density may
also cause some plantations to fall short of the maximum-size density line.
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According to the theoretical reasoning behind Stand Density Index (SDI), no matter what
initial density is planted, all stands should eventually approach the same maximum size-
density relationship for a particular species/region (i.e. Southeastern US, Hawaii, Brazil)
combination (Drew and Flewelling 1977, Williams 1996, Harms et al. 2000, Mack and
Burk 2002). However, several studies and papers have shown that not all stands
approach the theoretical maximume-size density relationship for a particular
species/region combination due to environmental and/ or genetic constraints (Zeide 1987,
Weller 1990, Hynynen 1993). Different planting densities may also explain why some
stands for a particular species/region combination don’t converge to the same maximum-
size density line.

Planting density is a variable that can be easily manipulated by foresters yet has a large
effect on future stand growth. Studies have concluded that stands of different planting
densities self-thin along a linear line using a beta near Reineke’s (1933) of 1.6 (Drew and
Flewelling 1977, Smith and Hann 1984). Stated differently, planting density has no
effect on the self-thinning line and all planting densities on a site will approach the same
maximume-size density line using a beta near 1.6. Several Density Management
Diagrams (DMD) using SDI have been developed for loblolly pine (Pinus taeda L.) and
slash pine (Pinus elliottii Engelm.). Most of these DMDs use a constant maximum-size
density beta value first presented by Reineke (1933) of 1.6 (Dean and Baldwin 1993,
Doruska and Nolen 1999, Dean and Chang 2002) or of other relatively close constant
coefficients (Williams 1994, Williams 1996) for equation [1]:

SDI = TPA*(QMD/10)" [1]

Where:

TPA —trees per acre

QMD - quadratic mean diameter (in)

b = maximume-size density relationship beta coefficient.

Weller (1990) briefly mentioned that planting density can have an affect on the self-
thinning line with a somewhat dismissing tone. It is my belief that planting density can
have a large affect on the validity of the maximum-size density line when using a beta of
1.6. There are several interacting reasons for this. First, since intraspecific density-
dependent mortality in unthinned stands occurs at later ages for relatively lower planting
densities and these trees have greater crown widths associated with the same DBH, larger
canopy gaps are created when mortality occurs (Zeide 1995). This coupled with the fact
that the ability of surviving trees to respond to these gaps in the canopy becomes less
with age (Zeide 1995), growth trajectories of varying planting densities may not always
self-thin along the same maximum-size density line using a constant beta of 1.6.

There are several different ways to account for the effect of planting density on the self-
thinning line. The self-thinning line can be adjusted to a curvilinear line using a value of
1.6. Cao et al. (2000) proposed a curvilinear self-thinning line with a beta of 1.6 for
seeded stands of slash pine similar to Figure 1. Another possible solution is to use
different beta coefficients at various stages of stand development (Zeide 1987) — Figures
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2 and 3 show the use of two different betas to achieve a common maximum-size density
relationship. Both of these solutions appear to result in similar self-thinning asymptotes
(Figures 1, 2, 3). A third solution is to use constant betas throughout growth trajectories
other than 1.6. Several studies have found that all stands don’t thin along a linear line
when using a beta of 1.6 (Hynynen 1993, Tang et. al 1995). This has been attributed to
differences in genetics and/or environmental factors (Zeide 1987, Weller 1990, Hynynen
1993); planting density was not mentioned. Using SDI with endless amounts of betas
does not allow us to compare SDI values from one stand, species, or region to another.
By using a constant beta for all geographical region/species combinations, we can more
clearly determine whether a particular stand of slash pine has a different SDI culmination
than another, or whether culmination differs from one region to another, or whether
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) has a different culmination than
loblolly pine. Therefore, the primary objective of this study is to determine whether
planting density also explains why some stands don’t thin along the same maximum-size
density line. A secondary objective is to present ways of adjusting the maximum-size
density line if the primary objective is found to be true.

Methods

An examination of growth and yield models for loblolly pine was conducted by Cao
(1998). He briefly mentioned that most models had stand growth trajectories of various
planting densities that converged to a curvilinear self-thinning line. Therefore, only a
small amount of information will be included in this paper using growth and yield
models. Growth projections from an individual tree loblolly pine growth and yield model
(Burkhart et al. 1987) were analyzed (Figure 2). Maximum-size density lines using
Reineke’s beta coefficient (1.6) and a self-thinning beta coefficient (2.1) are included in
the figure. This model was developed from plantations established all across the
Southeast US. Three planting densities of 300, 600, and 900 TPA were examined for one
site quality (50’ at base age 25). The model predicts growth based on actual individual
stands designated by seed numbers. Since Cao (1998) already examined this model,
analysis was only included for one seed number. If these stands don’t converge to the
same maximum-size density line, it can only be attributed to causal effects brought about
by differences in planting density (i.e. crown form, crown mass).

Number of trees per acre (TPA) and mean diameter (MD) were obtained from a long-
term planting density study for slash pine (Jones 1987). The study was established on an
old-field site in Georgia. Eight spacings were installed: 1.8 mx 1.8 m, 1.8 x 2.4, 1.5 X
3.0,24x24,18x3.7,3.0x3.0,2.3x4.6,and 4.6 x 4.6. Measurement ages were 10,
15, 20, 25, and 30 years. The natural logarithm of MD was plotted over the natural
logarithm of TPA (Figure 3). Maximum-size density lines using Reineke’s beta
coefficient (1.6) and a self-thinning beta coefficient (2.5) are included in the figure.
Several other long-term spacing trials were also examined for Douglas-fir (Pseudotsuga
menziesii) (Munger 1946, Eversole 1955, Reukema 1959, Curtis and Reukema 1970,
Reukema 1979), loblolly pine (Shepard 1974, Balmer et al. 1975, Sprinz et al. 1979,
Harms and Lloyd 1981, Buford 1991, Harms et al. 2000), and red pine (Pinus resinosa)
(Stiell and Berry 1977, Penner et al. 2001). To conserve space, only results from the
slash pine study are presented graphically.
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Results

Figures 2 and 3 show that SDI growth trajectories of different planting densities will not
always approach the same maximume-size density relationship for a species/region
combination using a constant beta of 1.6. Examination of the other long-term growth and
yield studies basically showed the same results. The only spacing study that had all
planting densities approach the same maximum-size density line using a beta of 1.6 was
for red pine (Stiell and Berry 1977, Penner et al. 2001). Planting density can have an
impact on the maximume-size density relationship for loblolly and slash pine and other
North American conifers along with environmental and genetic factors.

Discussion

Several papers have demonstrated that stands do not always approach the same
maximume-size density relationship for a particular species/geographical region
combination due to either genetic or environmental constraints (Zeide 1987, Weller 1990,
Hynynen 1993). This study shows that planting density can also cause loblolly and slash
pine plantations and other North American conifers not to approach a constant maximum
size-density relationship for a certain species/region combination when using a beta of
1.6 (Figures 2 and 3). It is unclear as to why different planting densities of red pine
approached the same maximum-size density line (Stiell and Berry 1977, Penner et al.
2001) using a beta of 1.6 while the other conifer species did not (Munger 1946, Eversole
1955, Reukema 1959, Curtis and Reukema 1970, Shepard 1974, Reukema 1979, Jones
1987). Differences in crown shapes, density, and growth and differences in specific
gravity between species may produce these results. Other planting density studies for red
pine may show results similar to those studied for loblolly and slash pine and Douglas-fir.

In terms of the management zones associated with SDI (canopy closure, full-site
occupancy, and the threshold of self-thinning) (Dean and Chang 2002), planting density
may have no impact. This needs further study. However, it does become an issue when
using the maximum-size density relationship to regulate survival or growth within growth
and yield models. Weller (1990) stated that there are two self-thinning lines: 1 — species
boundary line, and 2 — dynamic thinning line. The species boundary line is the
maximume-size density relationship across all stands for a species within a particular
region while the dynamic thinning line is the straight line that is approached by an
individual self-thinning stand. According to Weller (1990), the dynamic thinning line
will not always approach the species boundary line because of differences in genetic
stock or environmental constraints. Results from this study suggest that planting density
also plays a role.

We need to ask ourselves whether we want to use a constant beta across all stands or
regions for a particular species (all plantations will not approach the same maximum-size
density line) or allow the beta to vary between sites, regions, etc., so that different
planting densities will approach a constant maximum-size density line (Figures 2 and 3).
The downside to using different betas is that it does not allow us to compare the values of
the maximum-size density relationship between different sites or regions for the same
species or between species. For example, by using different betas the maximum SDI that
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can be obtained for a species/region combination changes; therefore, making any
comparisons of maximume-size density relationships using different betas irrelevant. Cao
et al. (2000) proposed a curvilinear maximume-size density line for seeded slash pine
stands similar to Figure 1 using a constant beta of 1.6. It is unclear as to which “fix” is
the best. The difficulty with using either different betas throughout a growth trajectory
(Zeide 1987) or a curvilinear line (Cao et. al 2000) is to determine where the beta(s)
need(s) to change. Secondly, the curvature in the maximum-size density line or change
in the beta maybe required prior to the general reference QMD of 10 inches (Figures 1
and 3). This would not allow for a fair comparison of the maximum-size density
relationship between stands, regions, or species using a QMD of 10 inches. However,
this can be overcome by changing the reference QMD (i.e. 10 to 6 inches).

For the regulation of mortality and yield, it would be best if different planting densities
approached the same maximum-size density line. This would alleviate the need to
estimate the dynamic thinning line for each planting density in growth and yield models.
Therefore, when needed for all planting densities to self-thin along a common asymptote,
different constant betas other than 1.6 should be used (i.e. Figures 2 and 3). What do |
mean by regulating mortality and yield? Using Figure 3 as an example, by using the beta
of 2.5 a meaningful biological “cap” can be placed on SDIs within a growth and yield
model irregardless of planting density (assuming the model was developed using only
this data). Other studies have used this approach to constrain models using betas of 1.6
or very close to 1.6 (Cao et al. 2000, Yang and Titus 2002). Since all planting density
SDI growth trajectories eventually approach this line, the maximum-size density
relationship can be used to “cap” any SDI growth beyond this point; thus regulating
mortality and SDI or the more commonly used density measure of basal area per acre.
This does not necessarily mean that every predicted growth trajectory has to self-thin
along this line (some may fall short); rather it can be used as a biologically meaningful
maximum value and as a biological reference to see how realistic the model predictions
are. Using a beta of 1.6 without validating it would only rely on the model equations to
“cap” growth. Stated differently, the maximum-size density line using a beta value of 1.6
could still be used to regulate growth and survival; however, growth and survival could
potentially be overpredicted (especially for the lower planting densities). Assuming a
constant beta of 1.6 for all species, all regions of a species, or sets of growth and yield
data, may not be the most sound biological regulation of growth and yield models. More
complex studies need to be conducted to determine whether adjusting the beta for
planting density affects the maximum-size density relationship for other factors (genetics,
environmental factors).

The findings in this paper are important because planting density may explain why some
individual stand growth trajectories don’t approach the same maximum-size density line
for a species/region combination when using a beta of 1.6; in addition to genetics and
environmental constraints. Second, it provides additional insight into the question of
whether using a curvilinear line or a self-thinning line of various betas is more
appropriate for the maximume-size density relationship than a straight line using a
constant beta. Somewhat related to the topic of this paper, the growth and yield model
predictions (Burkhart et. al. 1987) and the long-term spacing studies appeared for the
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most part to have growth trajectories (dynamic thinning lines for each planting density)
that continuously thinned along a line of 1.6 or temporarily did before falling away
(Figures 2, 3, 4). However, outside of the red pine spacing study, they did not thin along
the same maximum-size density line (species boundary line); rather most planting
densities had their own dynamic thinning line (Figure 4).
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Figure 1. Slash pine growth trajectories of different planting densities on an old-field site
in Georgia. The bolder line is the maximume-size density line using the coefficient
presented by Reineke (1933). A curvilinear maximume-size density line has been used so
that all planting densities reach an asymptote using a constant beta of 1.6.
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Figure 2. Loblolly pine growth projections for three different planting densities using a
growth and yield model developed by Burkhart et. al (1987). The solid line is the
maximume-size density line using the coefficient presented by Reineke (1933) while the
dashed line is a beta coefficient that appears to result in all planting densities
asymptotically reaching the same maximum-size density line. Although the use of
Reineke’s beta (1.6) does not result in all stands reaching the same maximum-size density
line, the growth trajectories (dynamic thinning lines for each planting density — not on
figure) do appear to self-thin parallel with Reineke’s beta until they fall away.
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Figure 3. Slash pine growth trajectories of different planting densities on an old-field site
in Georgia. The solid line is the maximume-size density line using the coefficient
presented by Reineke (1933) while the dashed line is a beta coefficient that appears to
result in all planting densities asymptotically reaching the same maximum-size density
line. Although the use of Reineke’s beta (1.6) does not result in all stands reaching the
same maximum-size density line, the growth trajectories (dynamic thinning lines for each
planting density — not on figure) do appear to self-thin parallel with Reineke’s beta until
they fall away.
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Figure 4. Loblolly pine growth trajectories of two planting densities on an old-field site
in South Carolina (302 tpa and 681 tpa). The solid line is the maximum-size density line
(Species boundary line (Weller 1990)) based on a planting density of 1210 TPA using a
beta of 1.6. The dashed lines are dynamic thinning lines (Weller 1990) for each of the
two planting densities using a beta of 1.6. Although the use of Reineke’s beta (1933)
does not result in all stands reaching the same maximume-size density line, the growth
trajectories do appear to closely self-thin parallel with the value of 1.6.
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